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FOR E W  OR D 
This report ,  prepared for the National Aeronautics and Space 
Administration, contains the results of studies of the flow, bonding 
and damping characterist ics of a squeeze film under dynamic con- 
ditions that were car r ied  out in the Fluid Mechanics Laboratory at 
Southern Illinois University under a grant (NASA-NGR- 14-008-019) 
to Dr. Philip K.  Davis. Four master  of science theses car r ied  out 
under the supervision of the principal investigator have resulted from 
these studies. 
and submitted as an addendum later this summer ,  are included in this 
report. 
These theses,  with the exception of one to be completed 
The research  may be divided into two categories each of which 
directs attention to different aspects of the squeeze film. 
aspects a r e  (1) the flow and bonding characterist ics of the squeeze 
film and (2 )  the damping characterist ics of a squeeze film. 
the same amount of time was  devoted to  research  of each aspect of 
the squeeze film. 
These 
Roughly 
A paper resulting from the work on damping entitled "Damping 
Characterist ics of a Liquid Squeeze Film" was presented in April  at 
iii 
the Fifth Southeastern Conference on Theoretical and Applied Mechanics 
and wi l l  be published in the proceedings of the conference. It is antici- 
pated that a t  least one or perhaps two additional papers will be presented 
for publication, In accordance with the "NASA Policy for Administration 
of Research Grants", reprints of art icles published wil l  be forwarded 
to the National Aeronautics and Space Administration as soon a s  they 
a r e  received. 
The remainder of this report  consists of an introduction, an 
abstract  that briefly summarizes  the results , an appendix containing 
two theses on the bonding and flow studies, an appendix containing one 
thesis on the damping characterist ics,  and an appendix on the business 
affairs of the project. 
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INTR 0 DUCT ION 
This research  consisted of a se r i e s  of experimental and computer 
investigations to  learn more about the flow, bonding and damping 
characterist ics of a liquid squeeze film ("squeeze film" is used herein 
to  designate a liquid film located between two nearly parallel  plane 
surfaces in relative normal motion which are always closely spaced 
compared to the dimensions describing the area of the two like 
surfaces) under dynamic conditions. The use of the squeeze film to 
support sensitive s t ructures  in future spacecraft and other devices 
appeared to have numerous advantages. However, the hydrodynamic 
theory of squeeze film support/isolators had not been studied in  much 
detail, hence, the need for the additional research. 
The load carrying capacity and lubricating ability of thin liquid 
films in which the fluid inertia may be neglected have been studied by 
researchers  in the field of lubrication for many years.  The first and 
perhaps the only notable theoretical treatment was developed by 
Reynolds'' in 1886. Only a few additional solutions and slight extensions 
Reynolds , Osborne: 
Application to Mr. Beauchamp Tower's Experiments , Including 
an Experimental Determination of the Viscosity of Olive Oil. '' 
"On the 1 heory of Lubrication and its >K 
Roy. %. of - London, P a r t  I, Vol. 177, pp. 157-234. 
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to his original equations have been contributed since 1886. 
only recently has the use of squeeze films as energy dissipators for 
damping dynamic vibratory motion begun receiving much attention. 
In 1966, Sommer'c'< first proposed this technique to  be especially 
advantageous in applications where high damping is required with 
limited space available. Also, Hanks 
ers to begin studying the bonding character is t ics  of a liquid squeeze 
film, and in 1968, he gave a paper on his investigations of the tensile 
strength of liquid squeeze films subjected to oscillating normal loads. 
There have been other contributors to research  on the bonding and 
damping character is t ics  of a liquid squeeze film and these references 
are cited in the main body of this report  but, in brief, the research  
reported herein may be considered an  extension to  the works of 
R eynolds , S omme r and Hanks 
However, 
>:: hk >:< 
was one of the first research- 
In an effort t o  learn more  about a liquid squeeze film under 
dynamic conditions, experiments and investigations were performed 
(as was proposed in  the original grant proposal ) to  
Sommer,  Eugene A. : "Squeeze Film Damping. I t  Machine 
Design, Vol. 38, May 1966. 
hk aka\ 
Hanks, Brantley R .  : "Investigation of the Tensile Strength of 
Liquid Squeeze- Films Subjected to  Oscillating Normal Loads. I '  
Paper  presented at the 39th Shock and Vibration Symposium, 
Monterey, California, 1968. 
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1) experimentally determine the effect of viscosity on the bonding 
strength (i. e . ,  the ability t o  adhere to  a surface and thus keep 
it f rom "flying off"), general  flow and flow during model break 
away ("fly off"), 
2 )  experimentally determine the effect of film thickness on the 
bonding strength, general flow and flow during model break 
away, 
3 )  determine experimentally the effect of load pulse duration 
(i. e. , the frequency) on the bonding strength, general flow 
and flow during model break away, 
4) experimentally determine the effect of film thickness on the 
damping characterist ics of a mass undergoing low amplitude 
and low frequency vibrations, 
and 5)  to  experimentally determine the effect of viscosity on the 
damping characterist ics of a squeeze film. 
Following this introduction is a section containing brief abstracts of 
each of the two phases of the study. Following the abstracts are the 
theses which contain detailed reports of the studies . 
A BS TR A CT 
A .  Bonding and Flow Properties of Liquid Squeeze Films 
Experiments were carr ied out to determine how the bonding 
strengths of liquid squeeze films a r e  affected by changes of film 
thickness , viscosity, loading period, liquid density, surface rough- 
ness ,  entrapped air bubbles and changes in the  parallelism between 
the two plane surfaces.  With other variables held constant, it was 
found that the bonding strength (1) increased as the film thickness 
decreased, (2 )  increased as the film viscosity increased, ( 3 )  in- 
?*  
creased as the film density increased, (4) increased as the loading 
period decreased, (5) remained essentially constant as the surface 
irregularit ies were increased up to  2% of the initial plate spacing, 
(6) decreased when visible air bubbles were present and (7) increased 
as the plates became more parallel. In addition, pictures showing the 
flow for different stages of plate separation are presented. 
Experiments were a l so  carr ied out to determine how the pressure  
varies when the plane surfaces are subjected to  a relative normal 
impulsive acceleration. It was found that the pressure  profile is, in  
general, flatter in the region near the center of the circular plane 
surfaces than the parabolic distribution predicted by theory based on 
-4- 
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Reynolds' analysis which neglects the effects of fluid inertia. The 
resulting cavitation due to  low pressures  in  the squeeze film was a l so  
studied by means of a high-speed motion camera.  
presented showing the growth and decay of vapor cavities. 
found by comparison t o  theory that for impulsive loading the fluid 
Pictures are 
It was a l so  
inertia should not be neglected. 
B. Damping Characterist ics of a Liquid Squeeze Film 
Experiments were car r ied  out to determine how the damping 
factor (logarithmic decrement) of a liquid squeeze film varies with 
film viscosity, film thickness , amplitude, and frequency under free 
vibration of a single- degree-of-freedom system. The data are  com- 
pared t o  computer solutions of the non-linear differential equation of 
motion (using both the Reynolds theory and a theory that includes 
fluid inertia).  It was found that i f  the motion is slow enough (= 3 cps 
o r  less  for the experiments herein) the fluid inertia can be neglected 
and the resulting fluid flow conforms approximately to Reynolds I 
lubrication theory. However, it should be pointed out that mos t  
vibration problems are inherently of a more  dynamic nature,  and i n  
such problems the fluid inertia must be included unless the solid mass 
undergoing oscil latory motion is quite large compared t o  the mass of 
the liquid undergoing motion. 
With other variables held constant, the damping factor was 
found t o  ( 1 )  decrease as the plate spacing is increased, (2) decrease 
- 6 -  
as the viscosity is decreased, and (3 )  increase as the initial spacing 
is decreased. 
Experiments and computer studies in addition to  those suggested 
in the grant proposal a r e  presently being car r ied  out to  study the 
damping characterist ics of a liquid squeeze film in a single-degree-of- 
freedom system undergoing sinusoidal forced oscillations through a 
spring. 
due to the variance of the non-linear damping throughout each cycle. 
Studies a r e  planned to  determine how the phase angle varies with such 
things as plate spacing, viscosity and angular speed. 
this research  will be submitted to  NASA upon its completion. 
The resulting periodic motion of the mass plate is not sinusoidal 
The results of 
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CHAPTER I 
INT R 0 DCJ C T ION 
A l iquir?  i i lm is comrriorily called a "squeeze film'' when it is located 
between two nearly parallel  surfaces which a r c  closely spaced in  coni- 
parison to dimensions representing thcir  a r e a .  
which resul ts  f rom the approach o r  separation of these surfaces is called 
"squeezing flow, 
cally and experimentally the flow properties of quasi-static 
films. A l i terature  sea rch  has shown that the main interest  of a practi-  
cal  nature thus fa r  has been in the field of lubrication, in the areaof vis- 
cous adhesives, and in hydroplaning problei-xis (e.  g .  , the rolling of a 
pneumatic t i r e  on a wet pavement). 
The* fluid moveiment 
Several  researchers  have investigated both theoreti- 
squeeze 
The research  reported in this thesis is concerned with the bonding 
and flow character is t ics  of a liquid squeeze filrn. The bonding strength 
of the squeeze f i l i n  is a property which has received little attention pre- 
viously. The problem was to study experimentally the effectiveness of 
lThe te r in  t 'quasi-static" means nearly or  seemingly s ta t ic .  Ouasi- 
s ta t ic  viscous fluid flows correspopd to  very low Reynolds niiniber 
flows, sometimes called "creeping flows. I '  
- 1- 
-2- 
a liquid squeeze film in preventing endiccular se  aration of two 
closely spaced, nearly parallel surfaces  which are subjected to dy- 
namic Loading. 
of the squeeze film to bond a sensitive s t ruc ture  to a rigid frame 
while at the same time protecting the s t ruc ture  from damage! due to  
shock and vibrations 
A possib e appleation being considered is the use 
The squeeze film applications whkh have received the most  at-  
tention are within the f ie ld of luhrixation. APY of these 1ubri.cation 
applications fall into the category of suppoiting a moving load on a 
fric.tion reducing film. 
sent a. theoretical treatment for the motion of a quasi-static squeeze 
filrn.  
tion to  a lubricating film in his classical paper on lubrication in 
1886. By making severa l  assumptions and using the appropriate 
boundary conditions, Reynolds was able to  solve the combined s t r e s s  
and motion equations for the case ,  among others ,  of viscous fluid 
flow between nearly parallel  elliptical plates slowly approaching 
each other in a direction normal  t o  their  surfaces ,  
tions tha.t Reynolds made to 0bta.i.n the solution are:  
Osborne Reynolds [ 11 was the first to  pre-  
He applied the Navier-Stokes equations of viscous fluid mo-. 
The assump-. 
Cl) laminar flow, 
(2) negligible body forces ,  
(3)  negligible inertia forces ,  
(4) incompres s ible liquid, 
(5 ) constant vis cos ity , 
- 3 -  
and (6) plate spacing small in comparison to  dimensions repre-  
senting the area. 
In recent t imes severa l  authors have derived the Reynolds equa- 
tions f rom the full Navier-Stokes equations 
and Dowson [ 31 ). 
assumptions has been demonstrated by the satisfactory explanation 
for many years  of bearing performance. However , with the advent 
of parallel  surface thrust  bearings and high speed reciprocating engine 
bearings, care should be taken in using the above assumptions. 
Jackson [ 41 made the point that the inertia effects a r e  causing a 
growing concern in cases of squeezed flow where the fluid velocity 
increases in the radial  direction. 
Livesey [ 61, Kuzma [ 71 , and Oster le ,  et. a l . ,  [ 81 have obtained ap- 
proximate solutions for severa l  problems with inertia forces taken 
(see ,  e. g. , Elrod [ 21 
Dowson suggests that the validity of the above 
Jackson as well as Brand [ 51 , 
into account. Even in  these analyses , however , the authors have 
neglected velocity and pressure  variations across  the film which, it 
would seem,  should a l so  be considered. 
In addition to  lubrication, the squeeze film theory has been applied 
Under ce r -  t o  the rolling of a pneumatic tire on a smooth wet surface.  
tain conditions this can result  in an undesirable phenomenon called 
"hydroplaning. I f  When a t i r e  hydroplanes it is separated from its 
running surface by a liquid squeeze film, and the result  may be a loss 
of control of the vehicle. An analysis of this problem by Moore [ 91 
indicates that t i r e  design and pavement roughness a r e  important factors 
in attempting t o  achieve dry pavement control conditions on a wet su r -  
face. In his theoretical analysis Moore neglects inertia forces. This 
approximation could lead to a considerable e r r o r  for a case where the 
squeezing flow between t i re  and pavement takes place in approximately 
0. 006 sec  for a vehicle speed of 60 m. p. h. (values give: in Moore's 
work) I 
'The theory of squeezing flow can also be applied to  the principle 
of viscous adhesives. Although the viscous adhesive: is used to  form a 
permanent bond between two surfaces,  some time is required for the 
adhesive to solidify. While the adhesive is s t i l l  in the liquid s ta te ,  it 
has a property called "tack. 
obeys the squeezing flow equation due to  Reynolds. 
circular plates of equal radius tlatt separated by a liquid of viscosity 
lip" , t h e  squeezing flow equation is 
Bikerrnan [ 103 states that this property 
In the case of two 
where F is the force acting to  separate the plates f rom an initial 
spacing t l h l t l  to a final spacing tth2t1 in a period of time ! I t .  I '  Kalinina 
[ 111 and [ 123, verified this equation experimentally for severa l  lubri- 
cants. In Bikerman's and Kalinina's work, the close agreement he- 
tween theory and experiment can be attributed to  the nearly static 
conditions, i. e. , a constant force ?cting over a long period of time 
(on the order  of minutes or longer) was used to separate  two surfaces 
- 5- 
initially bonded together with a viscous liquid. 
A sea rch  of the l i terature  has shown that the maj o r  portion of 
previous research  on squeeze films has been for relatively slow 
motion and clearly indicates the need for  additional research  con- 
cerning applications in which the original Reynolds as  sumptions may 
not be valid. 
plications. 
under dynamic loa ing? 
supportj isolator for a sensitive s t ructure  such a s  the px4rnary mix ro r  
of an orbital  telescope? With t h e  m i r r o r  support applicdtion in  mind. 
Hanks [ 131 recently investigated some support and bonding charac- 
ter is t ics  of the liquid squeeze films. His experimental research  
included a study of the feasibility of using liquid squeeze films to 
support vibrating loads and a study to  obtain information about the 
tensile failure loads of such films, A cylindrical, flat-surfaced 
weight was placed above an equal diameter plate attached t o  a verticle 
shaker.  The walls of a shallow reservoi r  surrounded the plate, and a 
Liquid squeeze film separated the two surfaces ,  The entire apparatus 
was enclosed in a vacuum chamber. By varying the shaker frequency 
and amplitude, the environmental p re s su re ,  and the plate surface 
a rea ,  he was able to study bonding characterist ics of different visco- 
si ty liquids. 
an oscillating load of severa l  g ' s  even in a low pressure  environment. 
The present work was partially prompted by such ap- 
What a r e  the bonding characterist ics of a squeeze film 
Could squceze films possibly be used as a 
He showed that a liquid film was capable of supporting 
- 6- 
Hanks also concluded that a cavitation bubble formed near the 
center of the contact area and grew outward ultimately resulting 
in the breaking of the squeeze film bond. 
The research  reported herein is concerned with the laminar 
flow and bonding characterist ics of a squeeze f i l m  as  the nearly para- 
l l e l ,  plane bounding surfaces a r e  separated in a direction normal  to 
their  a r eas  by a dynamic load, 
plate spacing, liquid viscosity, liquid density, and plate separation? 
What is the nature of the squeeze film failure? 
been car r ied  out to  answer these questions in par t .  
such as  plate roughness, entrapped air ,  and nonparallel plates were 
also studied. 
How does the bonding force vary  with 
Experiments have 
Other factors 
CHAPTER I1 
PROCEDURE FOR COLLECTION AND PRESENTATION O F  DATA 
A ,  Experimental Approach - 
Figure 1 is a schematic diagram showing the technique that was  
used to apply a dynamic load to  the top surface bounding the €ilm. The 
loading was adjusted t o  the desired amplitude and period by controlling 
the spring constant K,  drop height H, and mass m2 . For example, 
the load pulse applied to  ml by dropping mZ a distance H is approxi- 
mately given by (neglecting the motion of mi)  
F(t) = J 2 ~ g r n Z  (H + 6  S I N J G  , 
B 
with period T 2" d n  ( see  Figure 2). 
B . Dimensional Analysis apd Data P r e s  entation 
With Fmax being the maximum value of the force pulse acting 
to  separate  the plates,  a functional relation for Fmax in t e r m s  of 
the other pertinent variables of the problem is: 
Fmax fl ( ro ho , , P, P $  g ,  T, po, pv b 
where ro 7 radius of cylindrical shaped model ( f t ) ,  
(4) 
ho r: initial predetermined plate spacing (€t)l 
- 7- 
-8- 
LOAD CELL--\ 
>RECORDER 
POSITION - 6 '/// 
POSITION 
L I Q U I D  FILM 
SPACERS 
Figure 1 .  Diagram of the experimental approach 
i 
Figure 2 .  Approximate shape of th8 apelied load pulse 
- 9- 
ml = mass of model (slugs), 
p = absoiute viscosity of the film (Ib sec/ft2), 
p = density of the film (slugs/ft3), 
g = gravity (ft/sec2], 
T period of force pulse (sec) ,  
Po - environmental p ressure  (lb/ftz), 
and pv = vapor pressure  of the film (lb/ft2). 
By applying the Buckingham 71.-theorem to equation (4). the 
variables can be arranged into non-dimensional ratios. A dimen- 
sionless functional relationship is 
Fmax - f 2  
n-ll g m 1  m1g m l g  
in  which each term is called a r- term.  
71.1 = Fmax/mlg  represents the maximum value of the force 
pulse to  the weight of the model (g ' s ) ;  r 2  = ho/ ro  is the repre-  
sentative geometry ratio of the system; 7r3 = ( pro/ml)  ,/= 
is a ratio of viscous force t o  model weight; T4 T , / Z i  is a 
period parameter ;  71.5 = prO3/ml is a density parameter ,   IT^ = 
poro2/rnlg and r7 = pvro2/rnlg represent ratios of environmental p res -  
s u r e  and vapor pressure  respectively to  the model weight. It is these 
r - t e rms ,  obtained by dimensional analysis, which w e r e  used to  
guide the collection of data. The collected data could then be pre-  
sented in meaningful plots as showr in the sketch in Figure 3. By 
choosing the model, the final spacing, the liquid, and the period, the 
- 10- 
t e rms  ~ 3 ,  ~ 4 ,  1r5, Rg, and 1r7 may be controlled and held constant 
for a given experiment. Thus the influence of 7-2, the film thick- 
ness ratio, on rl, the loading in g ' s ,  can be shown graphically. 
-11-  
% = Constant 
Vs = Constant 
fl6 = Constant 
lT7 = Constant 
Tr3= C 3  
n,= c2  
n3= CI 
I 
I 
Figure  3. General s c h e m e  for data presentation 
CHAPTER 111 
APPARATUS AND EQUIPMENT 
A simplified diagram of the apparatus is shown in F i g u r e  4 ,  
and detailed photographs a r e  shown in Figures 5 and 6.  
film was generated between two circular aluminum plates 0. 75 in. 
thick by 3.50 in. in diameter. 
liquid were originally finished to 20t-t in. r ,  m. s. and were later po- 
lished to  51-1 in. r .  rn. s .  in order  t o  study the effect of roughness, 
The upper plate was fixed to  a one inch diameter aluminum shaft 
which was held vertical  and guided by low friction Thompson Ball 
Bushings extending 4 .50  in. along the shaft, 
ances were such that the plates (once adjusted) would not be out 
of parallel  by more  than 0. 0005 in. across  their  diameter. 
The squeeze 
Plate surfaces in contact with the 
Shaft and bearing toler-  
An aluminum base served as a mounting for the lower plate and 
a bottom for the reservoir .  
9 . 5  in. wide with plastic sides (for visualization purposes) ex- 
tending 1. 5 in. above the lower plate. To regulate the clearance 
between the plates, thickness gauges were placed under extension 
The reservoir  was 7. 0 in. long by 
- 1 2 -  
- 13- 
screws  located a t  the top of the shaft. 
were used to  give plate clearances of 0. 0015 in. and 0. 002 in. 
through 0. 011 in. in increments of 0. 001 in. 
Sets of thickness gauges 
Attached to  the top of the shaft was a rectangular plastic s u r -  
face which acted to  limit the vertical  t ravel  of t h e  model when it 
caiiie into contact with suction :-L p : nioiinted to  single ac+Lng st;ock 
absorbers .  A l s o  attac1ic.l to thc. tcq:, of the shait  was a quartz 'load 
washer which wLtb t i  cld t o  measure tile force prilse. 
with the load washer was an extension spring and connected to 
this was a 1/16 in. diameter extra flexible s tee l  cable. 
was passed over two low friction pulleys isolated from the tes': 
section. 
as shown in Figure 5 ,  the only force t ransfer red  to thc t e s t  section 
was the desired vertical  force,  
force had to be grea ter  than the weight m l g  which, in these axperi- 
ments was 2, 86 lb. ; m l g  was  the combined weight of the Cop disc ,  
mounting surface,  accelerometer ,  shaf t ,  plastic plate, load washer 
assembly, and extension spring. 
DirectTy ir,  line 
The cable 
By mounting the pulleys separate  f rom thc tes t  section, 
To  separate  the p la tes ,  the verticle 
To vary the maximum force applied to  the model, an adjust- 
rnent was provided for positioning the spring loaded platform at any 
height on the drop  towcr. 
by changing the spring constant 01 the extension spring o r  by 
changing the value of the mass m 2 .  
with spring constant values ranging from 1 lb / in.  to 5 Bb/in. i n  
Dilferent loading periods were ~ ~ b t a i n c d  
Extension springs we ' re  u s c t l  
- 24- 
increments of 0 .5  lb/in. When higher spring constants were 
needed the springs were attached in parallel. A piezoelectric 
accelerometer was mounted directly above the model to measure 
the acceleration of the upper plate. 
The output signals f rom the axcelerometer and load cell  were 
fed into charge amplifiers ; then the signals were recorded by a 
two channel Beckman s t r ip  char t  recorder .  
a mounted Polaroid camera  was used to  check the recording ac-  
curacy of the Beckman recorder  for  the shor te r  loading periods,  
An oscilloscope with 
The experimental squeeze films were produced using three  
different liquids, which were distilled water,  silicone oil (4 
viscosit ies),  and mercury  ( see  Table 2 for the properties).  The 
desired working viscosities of silicone oil were obtained by mixing 
commercially available oils. These working viscosities were 
accurately determined by means of a Fann viscometer (rotating 
cylinder type). The viscometer was calibrated t o  within 0. 05 cps 
by using two different ASTM viscosity standards.  
A Hycam high speed motion picture camer.  (3 ,  000 frames 
per sec)  and a 35  mm Canon Pel2ix still camera were used to  study 
the flow of the liquid during plate separation. The still camera  
shutter re lease was  actuated by a solenoid relay which was t r ig -  
gered by the rising plate. 
squeeze film a t  any desired plate separation distance, 
Thus,  it was  possible to  photograph the 
- 15 -  
.. 
Jl 
EXTENSION 
SPRING 
WASHER 
-LOAD 
r EXTENSION 
SCREWS 
/THICKNESS 
GAUGES 
-ACCELEROMETER % 
Figure 4. Diagram of experimental apparatus 
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CHAPTER PV 
EXPERIMENTAL PROCEDURE 
Silicon oils with viscosities of approximately 1, 10, and 100 
ctks. a t  22' C were purchased for these experiments, 
appropriate mixing, a silicone oil with viscosity ranging any- 
where between 1 and 100 ctks was obtainable. 
ature bath was provided for the reservoir  since the laboratory 
temperature remained between 22. O°C to 23.  O°C. 
variation of the liquids used in the experiments was neglected, 
i . e . ,  the viscosity for  a given liquid w a s  assumed to  be constant 
With 
No constant t emper -  
The viscosity 
for a l0C temperature change. 
The plates and reservoir  were f i rs t  washed with liquid deter-  
gent, were next rinsed in distilled water, and then were mounted 
in the tes t  section and adjusted for parallelness. 
was carefully leveled by means of a circular level positioned on 
the lower plate and by fine threaded adjusting screws located at  the 
corners  of the s teel  platform. The leveling procedure was car r ied  
out to force the model surface to  be nearly parallel  with the free  
surface of the liquid, a requirement for axisyrnmetric flow. After 
-18- 
The tes t  section 
the apparatus was  leveled, the reservoir  was filled with the desired 
liquid to a depth such that the thin squeeze film would initially be 
1 / 2  in. below the f ree  surface. 
Thickness gauges, for the purpose of adjusting the plate spacing 
ho, were placed under the extension screws.  and then the upper 
plate was lowered producing the liquid squeeze film, While the plate 
was being lowered a light beam was directed through the gap to he 
certain that no visible a i r  bubbles were trapped between the plates 
Figure 15 shows miniature a i r  bubbles trapped between r : h e  plaleis 
and thus points out the need for great care  in this s tep of the proce- 
dure. 
displacement of the model to 1 / 2  in. 
Next, the shock absorbers were adjusted to limit the t e r t k a l  
After the length of the loading period T ,  was determined, then 
the necessary values of the spring constant (K) and mass (m2) were 
calculated by means of equation (3) .  
system actually had two degrees of freedom, it was found that 43) 
Although the experimental 
gave good results since the motion of m1 was small compared to 
that of m2. 
erent elevations ( i . e . ,  values of H) to determine the drop height that 
Several  t r i a l  runs were made dropping m2 from diff- 
resulted in the model contacting the suction cups at  nearly zero 
velocity. 
two final runs were recorded for each experiment. 
To be assured that the system gave consistent results, 
For photographic studies the high speed movie camera  was 
operated at 2500 frames per second, an adequate f i l m  speed for the 
I 
-20- 
loading periods involved in the experiment. The procedure 
was to  s ta r t  the camera  mannually and then release the mass  
m2I1 an instant la ter .  With this procedure, the plate separation 
was filmed well within the 4000 frame (100 f t )  roll  of fXm. T o  
get a c lear  picture of the moving plate with the still camera,  the 
shutter speed was se t  a t  one five-hundredths of a second. The 
s t i l l  camera was used to get finer grained pictures for more de- 
tailed studies. 
ChiAPTER V 
RESULTS 
An experimental investigation was zonducted ':e2 stcdy the 
bonding and flow properties of liquid squeeze films when the 
surfaces separated by the film a r e  pulled apart  by a dynamic 
load in a direction perpendicular to their a r eas ,  
sample of the recorded load and acceleration history taken witn 
the s t r ip  chart  recorder.  
applied to the upper plate versus t ime, and the lower one is a 
time history of the resulting acceleration of the upper plate. 
maximum value of the force pulse represents Fmax, and the 
duration of the loading pulse is defined as the period (a). 
beginning of the sharp  increase in the acceleration x r v e  (see 
dashed line in Figure 7) indicates ?he point in time when the top 
plate begins to  separate  f rom the liquid film. This  happens ai, 
time T / 2 ,  which also corresponds to t h e  time that the bonding 
force is maximum. 
Figure 7 is a 
The upper curve shows the  force 
The 
The 
The data representing bonding characterist ics of t h e  l iqu id  
7 
6-3. See  page 44 €or definition. 
- 21- 
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squeeze  films a r e  presented graphically in Figures 8 khrough 
14. rl F,a,/mlg was chosen to be the dependent variable and 
was used as the ordinate on a11 graphs. 
constant in all the experiments, varid.tions of ~1 indicate variations 
in the maximum bonding force.  
Since the mass i^ll1 was held 
The independent variable (abscissa) 
- 
is r2 
12,13, and 14. Since ro was also kept constant, the changes in '72 and 
 IT^ indicate variations in the initial spacing (hod and loading period (T)  
respectively. 
in all experiments a r e  po, g ,  temperature,  and liquid level 
above the squeeze film. 
given in Table 1. 
ho / ro  in Figures 8 ,  9 ,  1P and 11, and "4 = T,/g/r: in Figures 
Other parameters which were essentia.EPy the same 
Numerical values of these pzaarneters a r e  
It was found that changes in the amount by which the plates were 
out of parallel  had a measurable effect on the bonding force. For 
example, when the plates w e r e  out of parallel  by 0. 005 in. across  
their diameter,  the bonding force was  approximately 25 per  cent less 
than the values recorded for a similar run when the plates were 
parallel  within 0 .0005 in. 
Roughness values of the plate surfaces in contact with the squeeze 
film had no measurable effect on the  bonding force in the experirnents 
reported herein. 
r. m. s.  (representing the maximum value of roughness) and 5 p in. 
r. m. s ,  (the minimum value of roughness) showed no appreciable 
differences. 
Data taken for surface roughness values of 2 0 p  in. 
-23- 
Figure 15 shows small air bubbles purposely trapped in the 
squeeze €ilm to determine their  influence on the bonding force. 
plate edges were painted black in Figures 15 through 25 for Setter 
visualization. 
cent over that recorded for similar conditions with no visible air 
bubbles. Thus, to  be consistent znd to maintain the maximum 
bonding force for all  squeeze films, ca re  was taken to  remove al l  
visible air bubbles pr ior  to each experimental run, 
'The 
The bonding force was reduced by as much as 10 per  
Figures 16 through 25 show the position of the liquid at various 
t imes during plate separation. In these photographs the upper plate 
was  pulled beyond the free surface to  show the flow behavior during 
plate separation more  clearly than when the plate motion stopped at 
the f ree  surface.  
w e r e  used in the sequence shown in Figures 16 through 20. Figures 
16, 17, and 18 are photographs taken a t  increasing distances of plate 
separation. 
the center and follows the plate up. Figures 21 through 25 show a 
significantly grea te r  amount of water following the plate when the 
loading period was shortened to 0 .  058 S C C .  
A water film and a loading period of 0,252 s e c  
These photographs show how the liquid flows in towards 
-24-  
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CHAPTER V I  
DISCUSSION Or1 RESULTS 
The peak of the recorded lo%d pulse shown ia Figure 7 represents 
the ma,u:mum load (Fmax) applied to the upper plate assembly for a 
given squeeze film. The beginning of the increase shown in the r e -  
cord of the plate acceleration (Figure 7) indicates the t ime when the 
plates began to break apart. 
is defined as the breakaway force. In this work breakaway is con- 
sidered to  take place at  o r  just after the t ime when F - Fmax . It 
should be stated here that the breakaway force was approximately 
equal t o  the maximum bonding force plus mlg. 
during the loading period the t rue bonding strength "FB(t)'' of the 
The recorded force at  this point in time 
A t  any t ime I 1 t "  
squeeze film under given conditions can be obtained 
forces as follows: 
by summing the 
9 (6 1 
where F(t) is the recorded force as a function of t ime, and m l g  
a r e  the weight aad inertia forces respectively of a n d m l  d2h q ~ _  
the top plate assembly. Equation 6 is meaningful in t e rms  of a 
squeeze film bonding force provided that h ( t )  << r 
dt 
a necessary 
0' 
-44- 
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condition for the existence of a squeeze film. Tlie maximum 
bonding force is the maximum force a given squeeze film can 
withstand and still have h(t) be very much less than ro throughout 
the loading period. In this r e sea rch  the load applied to  the upper 
plate for a given squeeze film was tailored to produce a final 
plate separation of 1/2 in. 
the plates did break apart  and that the maximum bonding force had 
in  fact been reached for the particular squeeze film. 
This spacing was sufficient to  show that 
Thus, the 
maximum bonding force for a given squeeze film was 
When the load pulse F(t) exceeded m l g  the upper plate began 
to  move. Experiments showed that for the squeeze films studied the 
acceleration of the upper plate both pr ior  to  and at  the time of 
breakaway was smal l  compared to  the acceleration after breakaway. 
For  example, the plate acceleration in one experiment was approxi- 
mately 6.4 f t / sec2  a t  breakaway when F 
indicated that the inertia t e r m  (ml X 6.4 f t / sec2  
was 60 pounds. This max 
0.32 lb) in 
equation 6 could be neglected with no appreciable e r ro r .  
the maximum bonding force in all  experiments was approximately 
Hence, 
Fmax - mlg.  
Variations in n4 ( = T 4 m ) s h o w n  in Figures 8, 9,B2,13 and 14 
were produced by changing the loa8ing period T. As the values of 
1~4 were decreased (by decreasing the loading period), the values of 
-46- 
r1 increased, Thus since m l g  was constarnt in all experiments, 
the bonding force increased when the  loading period became 
shorter .  
The maximum bonding force depends, not only upon the 
loading period, but a l so  upon severa l  other properties of the 
squeeze film. One of these properties is the viscosity of the 
liquid. Figures 10 and 14 show how r1 (. Fmax/ mlg)  varies 
r 
with r3 (= %E) e Changes in n3 were obtained by w i n g  
liquids of-the same  density but with different viscosities. The 
data show that, for a given squeeze film, as  the viscosity increased, 
the bonding force increased. The maximum bonding force a l so  
depends on the initial thickness of the squeeze film(ho). n2 ( =  ho/ro) 
is the independent variable in Figures 8, 9,  10, and 11. These 
graphs show that for a given liquid squeeze film the breakaway force 
increases significantly a s  ho / ro  approaches zero. 
of 0.001 in. can in some cases  cause rl (. Fmax/mlg) to  change 
by 25 per  cent, as  Figure 10 indicates. 
values of 71'1 plotted against H2 for two different values of H5 = p r o  
A change in  ho 
The curves in Figure 11 show 
( J 
al l  other T t e rms  being kept constant. Changes inn5 were obtained by 
using different density liquids. Under given conditions, the bonding 
force increased by as much a s  17 pounds when the liquid density in- 
c reased  16 times. The fact that thn bonding force increases  for the 
higher density liquid clearly indicates the importance of iner t ia  forces 
-47- 
in the liquid flow. 
invalid for  this type of flow. The ~7 ( =- 2:;) ra t io  in Figzre  11 is 
This shows that the Reynolds [ l j theory  is probably 
not constant because the liquid vapor pressure  varies.  
considering the maximum separation forces involved, it seems rea-  
sonable to  assume that the negative gage pressure  in the squ, aeze 
film did not approach the vapor Dressure of the liquids. 
p re s su re  was less  than 1.0 in. of mercury  for the fluids used, 
sequently, it is believed that no cavitation took place in these ex- 
periments. Suppose, for example, that the pressure  at the center 
of the plates dropped to 0. 7 psia (approximate vapor pressure  of 
Hovever,  
The vapor 
Con- 
silicone oil with viscosity 3.13 lb. s e c / f t  2 at 23OC) during the loading 
period. 
diameter was  parabolic and ranged f rom the 0, 7 psia value at the 
center to 14. 7 psia at the outer edge. 
variation over the plate a r e a  would yield a force of 67, 5 pounds 
acting to  hold the plates together. 
5 pounds grea te r  i f  water were the squeeze film. 
greater  than any of the experimental forces  recorded, which indi- 
cates that the p re s su re  most  likely never dropped to the vapor p re s su re  
of the liquid. 
that cavitation in all probability did not occur in the squeeze films 
during plate loading. 
possible to  view the motion of the upper plate slowed down 100 t imes.  
These slow motion pictures showed no visible vapor bubbles forming 
Suppose further that the pressure  variation across  the plate 
An integration of this p re s su re  
This fbrce would be approximately 
These forces a r e  
The photographic studies further substantiate the point 
By means of a high speed camera it was 
-48- 
during plate separation. 
in the squeeze film such as those shown in Figure 15, did reduce 
the separation force because the effective squeeze film a r e a  was 
reduced. The additional photographs in Chaper V (Figures 16 
through 25) indicate that the loads applied to  the squeeze film 
were of such duration and magnitude that the plate separation 
caused only viscous flow without any fracture  (failure as  a resul t  
of cavitation) of the liquid film. 
can fracture  only when it is subjected to a negative gage p res su re  
equal to its vapor pressure.  
Visible air bubbles purposely trapped 
Fisher  41 points out that a liquid 
The liquid follows the upper plate, as shown in Figures 16 
through 25, due to  molecular cohesion and ad3esion and because of 
the pressure  a t  the center of the plate being lower than atmospheric. 
A grea ter  quantity of liquid follows the upper plate, as  shown in 
Figures 21 through 25, because the pressure  within the fluid column 
was lower when breakaway occurred than for the longer loading 
periods of Figures 16 through 20. 
outer edge of the top plate as  shown in Figure 2 3  is la rger  than that 
shown in Figure 22 because the inertia of the fluid clinging to  the 
plate causes it t o  be forced up and out as the upward velocity of the 
plate decreases .  
Figure 18 because the fluid inertia was appreciably less.  
The amount of fluid around the 
This condition does not occur to any extent in 
The surface roughness of the plates in the research  was  not an 
important factor because the maximum value of the plate surface 
-49- 
irregularit ies was less  than 2 per  cent of the value of the closest  
initial plate spacing, i. e .  , in t e rms  of the initial plate spacing the 
plates were essentially flat and smooth. 
surface irregularit ies greater  than 2 per cent of the initial plate spacing. 
No data were taken for plate 
Lack of syinnietry in the experimental arrangement was an im- 
portant factor which could cause deviations in experimental break- 
away values. 
parallel  the smal le r  the breakaway force; this was t rue  provided the 
average separation distance was the same in both cases.  Bikerman(l0) 
gives an  analysis of why detachment forces a r e  reduced by non-uniform 
plate spacing. 
average distance between them is influenced a s  much by the narrowest 
separation as it is by the widest separation. 
points across  the diameter f rom the narrowest t o  the widest point the 
spacings were Cyl, Q2, . . , ty the average spacing would be Cyav = 
For instance, the more  the two plates were out of 
He points out that if two plates a r e  not parallel ,  the 
For  instance, i f  a t  "n" 
n 
l /nx(  ~21 t CY2 t . . . t an) . The volume of liquid "V" flowing in be- 
tween the plates as they separate  is proportional to CY3 a t  any point; thus, 
the contribution of the wider values of Q is more  important t o  V than to 
'av. * 
equal to the spacing of nearly parallel  plates the out of parallel  plates 
wi l l  separate  with less  force. 
This says that if Cy, fo r  plates appreciably out of parallel  is 
To explain why the volume flow rate  is proportional to Q3 consider 
Figure 26 represents a narrow slit of width (Y the following example. 
with liquid flow normal  to  the plane of the paper. 
-50- 
X 
Figure 26. Laminar flow in a narrow sli t  
Tbe flow considered wi l l  be a stzady lai.ri:nnz. pressure  flow hetween 
flar. <surfaces. Such a flow is commonly called Poiseuille flow. With 
no s l ip  boundary conditions this flow wil l  have the following velocity 
I'u" at any point "y" across  the slit: 
where A p  is the pressure  change over a length A z and p is the liquid 
viscosity. The volume flow rate  through the c ross  section of the s l i t  
a for a unit length is 
(8) 
- ty3 A p  - J u d y  - 1 2 p A z  * 
0 
A final point in the discussion concerns the consideration given 
to  surface tension forces. The forces resulting from liquid surface 
'irnsion a c t  on the top plate where the f ree  surface of the liquid con- 
tacts the top plate. This contact is around the circumference of the 
izppcr plate; a length of approximately 9 .4  in. Calculations show 
that this force was never greater  than 0.03 pounds and as  a result  
had little influence on the breakaway forces which were never 
smal le r  than 8.0 pounds. 
CHAPTER VI1 
CONL LUSIONS 
Experiments were car r ied  out for the purpose of learning more  
about the bonding and flow characterist ics of liquid squeeze films. 
The studies a l l  involved dynamic separation of nearly parallel  plane 
circular surfaces ,  in a direction normal to  their  surfaces,  initially 
in contact with a thin film of liquid, 
The conclusions based on this research  as  to  how the bonding 
strengths of the liquid squeeze films a r e  affected by changes of 
film thickness, viscosity, loading period, liquid density,  surface 
roughness, entrapped air bubbles, and changes in the parallelism 
of the two surfaces are: 
1. Decreasing values of ho / ro  , produced by reducing ho, 
result  in significant increases in Fmax/mlg (note: Fmax 
was approximately the maximum bonding force plus mlg 
and m1g was held constant in a l l  experiments); for ex- 
ample, one curve in Figure 10 shows Fmax increasing 
by 25 per cent when ho decreased from 0.007 in. to  
0. 006 in. The ra te  of increase of Fmax increases as 
-51- 
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ho/ ro  decreases 
2. Fmax /m 1 g increased when the value of ( + r o / r n $ x d D  
( i n  particular,  the liquid viscosity) was increased. 
2 2 t o  1107.6 Ib sec/f t  
A 
in- change of p f rom 21.1 lb sec / f t  
creased Fmax from 20 to  70 pounds. 
Fmax increased when the liquid density ratio, P ro?ml , 
increased. For  mercury,  the maximum bonding force 
was as much as 17 pounds greater  than for silicone oil 
with the same viscosity but only one sixteenth as dense. 
This clearly indicates the importance of inertia forces in 
the liquid flow and thus the Reynolds [l] theory is not 
30 
expected to  be valid in this type of flow. 
shor te r ,  the value of Fmax/mlg increased. Figure 13 
presents data showing that Fmax changed from 9 to  46 
pounds when T decreased from 0.128 seconds to  0.026 
seconds . 
The maximum bonding force was not measurably changed 5. 
by plate surface irregularit ies of magnitudes up to 2 per 
cent of the initial plate spacing. Higher roughness factors 
were not checked. 
Visible pockets of a i r  in the liquid squeeze film tend 
to reduce the value of Fma,/mlg. 
6. 
When working with 
water the maximum bonding force was reduced by as much 
-53 -  
as 10 per  cent, depending on the s ize  and number of 
air pockets. 
When the plates a repa ra l l e l ,  the maximum bonding force 
will be greater  than when the plates a r e  not pzirallel. 
7. 
For example. with the plates pzral le l  h wi”hin 
0. 0005 in. across  a 3 .  50 in. diameter,  FInax was  
25 per  cent g r e a t e r  than when the plates were out of 
parallel  by 0. 005 in. 
Studies of the squeeze film bonding properties a lso led to  the con- 
clusion that the iner t ia  force of the upper plate assembly was less 
than one per cent of F at the t ime the plates broke apart .  max 
Conclusions drawn f rom the flow visualization studies are:  
1. The high speed movie camera was a suitable tool for in- 
vestigating some aspects of liquid behavior when the 
plates separate.  
In all the experiments plate separation most likely occurred 
with viscous p re s su re  flow of the liquid and not as a r e -  
sult of cavitation of the liquid film. 
2. 
3 .  No visible vapor bubbles formed during plate separation 
which suggests that the p re s su re  at any point within the 
squeeze film did not decrease to  the vapor p re s su re  of the 
liquid. 
4. The squeeze film depth may be an important factor in the 
bonding force because photographs showed (see Figures 16 
-5 4- 
and 21) that the f ree  surface of the liquid dipped be- 
tween the plates soon after separation started. 
I*’iirther conclusions inay  btl drawn concerning the experi- 
mental apparatus, 
1. The spring mass s y s t e m  provided a suitable means of 
varying the rate a t  w h i c h  loads were applied40 the 
squeeze films. 
Tlic ball bushing giiide pra-v*ided a n e a r l y  irlcLfonless 2. 
means of keeping t w o  s t i r f a c e s  nearly parallel during 
dynamic s eparatioii i n  R direction p e r p e n d i c u l a r  t o  their 
surfaces.  
CHAPTER VIP1 
ADDITIONAL FACTORS TO BE STUDIED EXPERIMENTALLY 
The photographs showed that when plate separation began the liquid 
near the plates s tar ted flowing into the low pressure region created by 
the rising plate. Almost immediately after flow started,  the free  s u r -  
face of the liquid broke under the rising plate. When this happened the 
upper plate accelerated rapidly. 
would be considerably greater  if the squeeze film depth were such that 
the free  surfaces of the liquid could not immediately dip between the 
plates. 
squeeze film depth below the free surface on bonding and inertia forces.  
It is possible that inertia effects 
Additional studies will show the influence of variations in the 
An experimental determination of the pressure variations across  
the plate diameter during separation wil l  provide a means of determin- 
ing the pressure forces involved. 
Ishizawa (15) presented a theoretical solution of the Navier-Stokes 
and continuity equations in cylindrical coordinates for the pressure  dis - 
tribution over the plate a rea .  
and convective acceleration along with viscous forces.  He also inte- 
grated his pressure  equation over plates with a close spacing to  give 
In his solution he took into account local 
- 5 5 -  
-56- 
an approximate value of the hydrodyr_amical force acting to res i s t  nor- 
mal  separation o r  approach of the plates. 
theoretical analysis with experimental resuits which will be obtained by 
measuring up to four parameters with respect to tinme during plate 
separation. These parameters a r e  the loading force, plate velocity, 
plate acceleration and displacement. 
termine the separation distance at  which the maxirrlum bonding force 
occurs by comparing the displacement record to the plate ;relocity and 
acceleration record.  
Plans a r e  to compzre his 
It should also be possible to de- 
Additional photographic studies, possibly with die lines, will show 
more  about the flow characterist ics of the liquid when the squeeze film 
is deeper beneath the free surface. 
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I. INTRODUCTION 
A l i q u i d  squeeze f i l m  may b e  d e f i n e d  as t h e  l i q u i d  c o n t a i n e d  
between two n e a r l y  p a r a l l e l  s o l i d  b o u n d a r i e s  such  t h a t  t h e  s e p a r a t i o n  
d i s t a n c e  measured p e r p e n d i c u l a r  t o  t h e  b o u n d a r i e s  ( f i l m  t h i c k n e s s )  i s  
small compared t o  t h e  c h a r a c t e r i s t i c  l e n g t h s  of t h e  boundary s u r f a c e  
area. An i n t e r e s t i n g  p r o p e r t y  of  a l i q u i d  squeeze f i l m  i s  i t s  bonding 
s t r e n g t h .  Cons ider  two p l a n e ,  c l o s e l y  spaced ,  p a r a l l e l  s u r f a c e s  w i t h  
a l i q u i d  f i l m  s i t u a t e d  between them. I f  one s u r f a c e  i s  f i x e d  and a n  
i m p u l s i v e  f o r c e  of short  d u r a t i o n  i s  a p p l i e d  t o  t h e  o t h e r  i n  a normal 
d i r e c t i o n  away from t h e  f i x e d  s u r f a c e ,  t h e  bonding s t r e n g t h  i s  t h e  
r e s i s t i n g  f o r c e  due  t o  t h e  f l u i d  stresses and i n e r t i a .  
C ~ l c l a s u r e ( ~ ’ )  h a s  shown by means of  exper iments  i n v o l v i n g  loading  
p e r i o d s  of t h e  o r d e r  of  low1 sec. t h a t  t h e  bonding s t r e n g t h  i s  d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  f l u i d  v i s c o s i t y  and d e n s i t y  and i n v e r s e l y  p r o p o r t i o n a l  
t o  t h e  f i l m  t h i c k n e s s  and p e r i o d  of t h e  f o r c e  p u l s e .  One of  t h e  most 
s i g n i f i c a n t  f i n d i n g s  by C o l c l a s u r e  i s  t h a t  t h e  f l u i d  d e n s i t y  d o e s  a f f e c t  
t h e  bonding s t r e n g t h  even f o r  t h e  i n t e r m e d i a t e  range of l o a d i n g  per iod  
parameters  t h a t  h e  u s e d ,  i .e . ,  t h e  Reynolds‘’) t h e o r y  i s  n o t  v a l i d  even 
f o r  f a i r l y  weak i m p u l s i v e  l o a d i n g .  
b o t h  so lved  t h e  govern ing  system of d i f f e r e n t i a l  e q u a t i o n s  (Navier-  
S tokes  and c o n t i n u i t y )  f o r  t h e  l i q u i d  squeeze f i l m  f low between p l a n e ,  
p a r a l l e l ,  c i r c u l a r  s u r f a c e s  b e i n g  p u l l e d  a p a r t .  Although t h e s e  a u t h o r s  
used d i f f e r e n t  methods,  they  o b t a i n e d  e s s e n t i a l l y  t h e  same r e s u l t  f o r  
t h e  p r e s s u r e  f i e l d ;  however, n e i t h e r  I sh izawa n o r  Jackson  p r e s e n t e d  any 
e x p e r i m e n t a l  d a t a  t o  compare w i t h  t h e i r  s o l u t i o n s .  A l i t e r a t u r e  s e a r c h  
I sh izawa ( I 4 )  and Jackson  ( l3 have 
1 
2 
h a s  shown t h a t ,  a p ? a r e n t l y ,  no such d a t a  h a s  been taken .  
one of t h e  f i r s t  r e s e a r c h e r s  t o  s t u d y  e x p e r i m e n t a l l y  t h e  bonding s t r e n g t h  
of  a l i q u i d  squeeze f i l m  under  dynamic c o n d i t i o n s .  By means of  a shak- 
i n g  table, h e  w a s  a b l e  t o  v i b r a t e  a mass a t t a c h e d  t o  a shaking  p l a t f o r m  
o n l y  by a l i q u i d  f i l m  and by v a r y i n g  e i t h e r  t h e  a m p l i t u d e  or  f requency ,  
h e  c o u l d  observe  when t h e  bond between t h e  mass and t h e  p l a t f o r m  broke.  
Hanks p r e d i c t e d  t h a t  a c a v i t a t i o n  b u b b l e  would form and c o l l a p s e  u n t i l  
f i n a l l y  i t  would grow to  t h e  s i z e  of  t h e  p l a n e  s u r f a c e  and b r e a k  t h e  
bond. However, h i s  work was n o t  c o n c l u s i v e  i n  t h i s  r e s p e c t  s i n c e  no 
measurements of p r e s s u r e  nor  photographs of t h e  f low i n  t h e  f i l m  were 
taken .  
Hanks ( I 6 )  was 
L i t t l e  i s  p r e s e n t l y  known a b o u t  t h e  g e n e r a l  b e h a v i o r  of a l i q u i d  
squeeze f i l m  when t h e  b o u n d a r i e s  are s u b j e c t e d  t o  normal f o r c e s  of a 
t r u e  dynamic n a t u r e ,  S i n c e  t h e  bonding s t r e n g t h  of  a l i q u i d  f i l m  may 
have p r a c t i c a l  a p p l i c a t i o n s  i n  mechanical. sys tems,  i t  i s  d e s i r a b l e  t o  
l e a r n  wore about i t 8  c h a ~ ~ t e r i s t l c ~ ,  How d a e s  t h e  p r e s s u r e  E i e l d  i n  
the  film v a r y  when the boundar ies  are subjected to dynamic loading?  
May t h e  prassure dwrease enough Bar c a v i t a t i o n  t o  occur? If s o ,  what 
i s  the  s i g n i f i c a n c e  o f  c a v i t a t i o n ?  What i s  the motion ( a c c e l e r a t i o n ,  
v e l o c i t y ,  and d i s p l a c e m e n t )  o f  the  movable boundary? Alae t he  s o l u t i o n s  
of Xshizawe and Jackson  campatb’tale with  exg@rlmental r e s u l t s ?  The work 
demribed herein attempts t o  p r o v i d e  answers t o  t h e ~ e  q u e s t i o n s .  
11, DISCUSSION OF THEORY 
The e q u a t i o n s  govern ing  "squeez ing  flow" are t h e  f a m i l i a r  Navier- 
S tokes  and c o n t i n u i t y  e q u a t i o n s  f o r  c o n s t a n t  tempera ture  c o n d i t i o n s ,  
Suppose t h a t  a l i q u i d  squeeze f i l m  i s  s i t u a t e d  between two h o r i z o n t a l ,  
p a r a l l e l ,  c i r c u l a r  d i s c s  immersed i n  a 1:-quid. 
suppor ted  and t h e  upper  d i s c  i s  f r e e  t o  move v e r t i c a l l y  as shown i n  Fig-  
u r e  (1). 
The lower d i s c . i s  r i g i d l y  
Vo i s  0 and J( )/& = 0 f o r  t h e  l i q u i d  f low r e s u l t i n g  from 
Z 
F i g u r e  1. Reference Diagram 
3 
4 
1 d vz) d 'd + v -  =a,---- + v -  d % 
d r  z 3 z  d z  d r 2  r d r  d z 2  
d " z  P (- d t  
I d  J vz 
r r  d z  
and - -(rvr) +- = 0 
i n  which p 
(2 )  
( 3 )  
where pd i s  t h e  dynamic p r e s s u r e  such t h a t  pd = p - p is 
t h e  s t a t i z  p r e s s u r e  and p i s  t h e  t o t a l  p r e s s u r e ,  p i s  t h e  f l u i d  d e n s i t y ,  
/u i s  the  f l u i d  v i s c o s i t y ,  vr i s  t h e  f l u i d  v e l o c i t y  i n  t h e  r a d i a l  d i r -  
ec t ian ,  v i s  t h e  f l u i d  v e l o c i t y  i n  t h e  v e r t i c a l  d i r e c t i o n ,  and t d e s i g -  
nates t ime ,  
2 
Equat ions  (1) and ( 2 )  are n o n l i n e a r  and consequent ly  a n  e x a c t  sol-  
u t i o n  t o  the system a f  equations LB d i f f i c u l t  to o b t a i n .  For s p e c i a l  
a p p l i c a t i o n s  i n  which i t  I s  v a l i d  to d i s r e g a r d  t h e  n o n l i n e a r  terms, a 
g i s l u t i e n  may tx obta ined ,  
i n g  flaw af A l i q u i d  between p l a n s ,  parallel, e l l i p t i c a l  d i s c s  by assuming 
the  following G W I ~ ~ ~ ~ Q I V Z X  t a  p r e v a i l  i n  t h e  l i q u i d  squeeze f i l m ;  (1) lami= 
WBF flaw, ( 2 )  terms rapresenting body and i n e r t i a  farces are negligible 
~ e y n e ~ s ( l )  r ducsd the equations for squeez- 
csmpnra;i t o  t h e  V~EI:OUS terms,  ( 3 )  vz vrp JVr/  3 F<< J V T /  J z and ( 4 )  
a z 0 ,  The reduced e q u a t i a n ~  are 
5 
and (6 )  
used a n  order-of-magnitude a n a l y s i s  t o  reduce e q u a t i o n s  (1) 
(15) 
Davis  
and ( 2 )  f o r  the squeez ing  f low between t h e  d i s c s  shown i n  F i g u r e  (1). 
H i s  a n a l y s i s  i n c l u d e s  f low i n  which t h e  v i s c o u s  f o r c e s  are predominant 
ove r  t h e  i n e r t i a  f o r c e s  and f low i n  which i n e r t i a  and v i s c o u s  f o r c e s  are  
of t h e  same order-of-magnitude.  When t h e  v i s c o u s  f o r c e s  are predominant ,  
h i s  a n a l y s i s  r educes  e q u a t i o n  (1) t o  (41 ,  b u t  e q u a t i o n  (2 )  becomes 
J pd / J  z 'xi/yJvz/ 
c a t i o n  o f  Reynolds assumpt ion  i s  t h a t  vz i s  n e a r l y  l i n e a r  w i t h  r e s p e c t  
t o  z such  t h a t  d v  1 4  z2 = 0 ,  
, 
I z2 whereas  Reynolds assumed d Pd/d  z = 0. The impl i -  
2 
z 
Equat ions  (41 ,  (51 ,  and ( 6 )  are l i n e a r  and may be  so lved  s u b j e c t  
Dire€ t i n t e g r a t i o n  and  a p p l i c a t i o n  af t h e  boundary c o n d i t i o n s  ya i ld  
and 
6 
The bonding s t r e n g t h ,  Fb, may be  e v a l u a t e d  by i n t e g r a t i n g  e q u a t i o n  (9) 
o v e r  t h e  s u r f a c e  area of t h e  c i r c u l a r  d i s c  t o  o b t a i n  
4 3  Fb = 377' roV/2h (10) 
Cons ide r ing  t h e  assumpt ions  made i n  i t s  developement ,  e q u a t i o n  (10) 
c a n  o n l y  accoun t  f o r  t h e  p r e s s u r e  and v i s c o u s  f o r c e s .  Cons ide rab le  
t h e o r e t i c a l  work based on Reynolds '  assumpt ions  and expe r imeq ta l  work 
t o  t es t  t h i s  t heo ry  h a s  been done f o r  t h e  "quas iws ta t i c "  squeez ing  flow. 
( Q u a s i - s t a t i c  r e f e r s  t o  t h e  type  of squeez ing  f low commonly encountered  
i n  l u b r i c a t i o n  problems. i ,e , ,  a motion l i t t l e  d i . f f e r e n t  than  s t a t i c  
(10) c o n d i t i o n s ,  1 
F u l l e r  , and Hays'12), The Reynolds  assumpt ions  have been v e r i f i e d  
e x p e r i m e n t a l l y  f o r  t h e  q u a s l m s t a t i c  squeeze  f i l m ,  The expe r imen ta l  
resul ts  obtain1211 by Needs g e n e r a l l y  ag reed  w i t h  the p r e d i c t i o n s  based on 
Reynolds '  a n a l y s i s ,  His work i nvo lved  the approach  of two c i r c u l a r  d i s c s  
s e p a r a t e d  by s l i q u i d  F i l m  as  shown i n  Figure (11, The bot tom d i s c  was 
f i x e d  and t h e  t a p  d i s c  moved downward under  t h e  i n f l u e n c e  of  a e a n s t s n t  
l o a d ,  The r e su l t i ng ,  flew was observed  a t  i n t e r v a l s  a v e r  a t i m e  span of  
s e v e r a l  haurs ,  I t  @ems reasonable t o  n e g l e c t  the e f f e c t  aE fluid i n e r t i a  
under  such s a n d i t i n n s  6 8  theea,  but  i s  t h i s  assumption v a l i d  when t h e  
fo rce  acting DP the moving boundary i s  vary ing  e a n t i n u e d n l y  and  a r % r i =  
t rar i ly  w i t h  t ime? C ~ l e l t i ~ r e  h a s  shown t h a t  t h e  bending s t r e n g t h  v a r i e s  
with t h e  d e m i t y  o f  t h e  Xiquid i n  the  queeze film when a n  impuls ive  
fo rce  af  d u r a t t ~ ~  of the  order a f  IO"' mx.  is app l i ed  t o  t h e  moving 
boundary and concluded t h a t  the  e f f e c t  a% f l u i d  iner t ia  cannot: be sa fe ly  
See ,  f o r  example,  t h e  pape r s  by Needs"), Archiba ld  9 
( 6 )  
l e c t d  even €or  s e l a t $ - v e l y  $low l o a d i n g  p e r i o d s ,  
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- The Dynamic Squeeze Fi lm 
I 
A dynamic squeeze  f i l m  i s  one i n  which t h e  f l u i d  i n e r t i a  c a n n a t  
I n  a pape r  p r e s e n t e d  by Jackson  (I3)  i n  1961, a n  itera- b e  n e g l e c t e d .  
t i v e  t echn ique  w.?.~ used t o  o b t a i n  a n  approximate  s o l u t i o n  t o  e q u a t i o n s  
(11, ( 2 1 ,  and ( 3 )  f o r  t h e  system shown i n  F i g u r e  (1). I n  t h e  a n a l y s i s ,  
J ackson  assumed t h e  f l o w  t o  b e  p u r e l y  r a d i a l  so t h a t  t h e  reduced Naviar- 
S tokes  equ:stions become 
I 
Assuming vr i s  n o t  a f u n c t i o n  of z ,  a macroscopic  mass b a l a n c e  y i e l d s  
t h e  c o n t i n u i t y  r e l a t i o n s h i p ,  
r dh 
2h d t  
v = 9 - -  .. 0 r (12) 
S u b s t i t u t i o n  of (12 )  i n t o  (11) f o r  vr ,  
i n t e g r a t i o n  and a p p l i c a t i o n  of boundary c o n d i t i o n s  ( i)  and (ii) y i e l d s  a 
c)vr/ a r ,  f v r /  4 r2 ,  and &vr/ d t ,  
new e x p r e s s i o n  f o r  vr i n  terms of t h e  p r e s s u r e  g r a d i e n t  i n  t h e  r - d i r e c -  
t i o n  
T h i s  v e l o c i t y  d i s t r i b u t i o n  must s a t i s f y  the f o l l o w i n g  c o n t i n u i t y  rela- 
t i o n s h i p :  
- V r 2 ( d h / d t )  = 2 t r v ,  dz 1- ( 1 4 )  
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S n b s t i t u t i n g  (13) i n t o  ( 1 4 )  f o r  vr and i n t e g r a t i n g  y i e l d s  
S u b s t i t u t i n g  (15) f o r J p d / d r  i n t o  (13) g i v e s  a second and improved 
approximat ion  f o r  t h e  v e l o c i t y  d i s t r i b u t i o n ,  i .e . ,  
Repea t ing  t h e  c y c l e  f o r  a t h i r d  approximat ion ,  (16)  i s  s u b s t i t u t e d  i n t o  
t h e  momentum e q u a t i o n  (111, and a t h i r d  e x p r e s s i o n  f o r  v i s  o b t a i n e d  
which i s ,  i n  t u r n ,  s u b s t i t u t e d  i n t o  t h e  c o n t i n u i t y  r e l a t i o n s h i p  ( 1 4 )  
t o l o b t a i n  a new e x p r e s s i o n  f o r  t h e  pressure  g r a d i e n t ,  
r 
Comparison o f  t h i s  resrralt with e q u a t i o n  (151 ehaws t h a t  t h e  f i r s t  term 
( t h e  term a c c o u n t i n g  far v i s c o u ~  r e s i s t a n c e )  i s  unchanged, b u t  t h e  coefm 
f i c i e n t s  o f  the remaining two terms (terms a c c o u n t i n g  f a r  i n e r t i a  e f f e c t s )  
are changed slightly, The I t e m t i a n  i s  rapidly c o n v e r g e n t ,  and l i t t l e  
would be gained  by c a r r y i n g  i t  f u r t h e r  bccaufie t h ~ !  error  i n t r o d u c e d  by 
t h e  original assumptiens would o v ~ ~ m r i d e  any improvement achieved  by 
Ecr r t k s  r i t e  ra t I rjl II . 
Znt@grat ion af equation ( 1 7 )  w i t h  t h e  boundary c o n d i t i o n ,  p = pa a t  
g ive@ an expression Far the sBg;igtanss  t~ motion aE t h e  moving 'P = r 
d i s c  IC,e,, tho bonding ntren 
I3 
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Note t h a t  t h e  f i r s t  term i n  (18) i s  e x a c t l y  t h e  same as t h e  e x p r e s s i o n  
f o r  Fb o b t a i v e d  i n  t h e  Reynolds a n a l y s i s .  
A paper  by I sh izawa p u b l i s h e d  i n  1.966 p r o v i d e s  a n  "exac t"  s o l u -  
t i o n  t o  t h e  system of  e q u a t i o n s  (11, (21,  and ( 3 )  a p p l i e d  t o  t h e  squeeze 
f i l m  shown i n  F i g u r e  (11, The s o l u t i o n  o b t a i n e d  i s  e x a c t  i n  t h e  s e n s e  
t h a t  t h e  o n l y  assumpt ions  made were t h a t  t h e  f l u i d  i s  i n c o m p r e s s i b l e  and 
t h a t  t h e  movement o f  t h e  boundar ies  i s  c o n t i n u o u s  w i t h  r e s p e c t  t o  t i m e ,  
The governing e q u a t i o n s  and boundary c o n d i t i o n s  were transformed and 
rewr iEten  i n  terms of a nondimensional stream f u n c t i o n .  This  system 
was then  sa lved  by use of a "rnul t i fold"  series expansion method. I sh izawa 
determined t h a t  i f  a l l  t h e  v a l u e s  of h/v ( d h / d t ) ,  h 3 / P g  ( d 2 h / d t 2 1 ,  
h?/ P' ( d 3 h / d t  3 1 e tc .  I which r e p r e s e n t  t h e  r a t i o  of i n e r t i a  t o  v i s c o u s  
f o r c e @ ,  do n o t  axcaod t h e  order-of-magnitude o f  one, t h e  f l u i d  i n e r t i a  
may be  negloc , Hs a l s o  found t h e  Eollowing e x p r e s s i o n  f o r  t h e  difw 
f e r e n e e  of p r e s s u r e  a t  p o i n t s  a n  t h e  b o u n d a r i e s  v e r t i c a l l y  ( z - d i r e c t i o n )  
o p p o s i t e :  
10 
2 3 
w 
1 h5 d3h 
. . . e  
g - - - . I + - - - - ;  - - - 
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Equa t ion  (20)  i s  w r i t t e n  i n  t h e  form a€ a n  F n E i n i t e  number of  i n f i n i t e  
series  BUG^ t h a t  t he  f i r s t  term of the  Eecond series (term ( , & I )  i s  of 
t h e  m m e  order-of-magnitude as  t h e  second term o f  t h e  f i r s t  a e r i e s  (term 
( 2 1 ) ;  the second term o f  the second ser ies ,  (term ( 5 ) )  i s  of t h e  same 
o r d e r  as  the  t h i r d  term of t h e  f i r s t  series (teriii ( 3 ) ) ;  t h e  f i r s t  term 
of the t h i r d  series ( m ( 6 ) )  i~ of the  same order as t h e  second o f  
second series (term (931 and t h e  t h i r d  term af: t h e  f i r s t  ser ies  
(term ( 3 ) ) ;  furthsrmore, each af these wrries i s  r a p i d l y  conva rgen t  
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( 4 1 1 ,  t h e  o n l y  d i f f e r e n c e  b e i n g  i n  t h e  c o e f f i c i e n t  of  t h e  term i n v o l v i n g  
( d h / d t I 2 .  
I n  summary, e q u a t i o n  (20) i s  a n  e x p r e s s i o n  for t h e  bonding s t r e n g t h  
as a f u n c t i o n  of t h e  f l u i d  p r o p e r t i e s  and r e l a t i v e  motion of the bound- 
aries, T h i s  s o l u t i o n  i s  d e r i v e d  f o r  u n s t e a d y ,  laminar  f low of a v i s c o u s ,  
i n c o m p r e s s i b l e  f l u i d  between two p a r a l l e l ,  c i rcular  d i s c s  shown i n  Fig- 
u r e  (1) of which t h e  g a p  w i d t h ,  h ( t ) ,  v a r i e s  c o n t i n u o u s l y  and a r b i t r a r i l y  
w i t h  t i m e .  Such WOR t h e  case f o r  the e x p e r i m e n t a l  work d e s c r i b e d  h e r e i n .  
A p o r t i o n  a f  t h e  d a t a  o b t a i n e d  i s  used t o  compare t h e  bonding s t r e n g t h  
p r e d i c  t e d  by e q u a t i o n  (29) w i t h  t h a t  me.isured e x p e r i m e n t a l l y  . 
111. CAVITATION 
Unless  s p e c i a l  t r e a t m e n t  h a s  been a p p l i e d ,  most l i q u i d s  c o n t a i n  
g a s e s  which are u s u a l l y  assumed t o  ex i s t  as s p h e r i c a l  b u b b l e s  uni formly  
d i s t r i b u t e d  throughout  t h e  l i q u i d  medium. I f  t h e  p r e s s u r e  i n  t h e  l i q u i d  
i s  lowered t o  t h e  vapor  p r e s s u r e  of t h e  l i q u i d  o r  below, t h e s e  bubbles  
may grow as t h e  l i q u i d  v a p o r i z e s  i n t o  t h e i r  i n t e r i o r .  Such a phenomenon 
i s  c a l l e d  c a v i t a t i o n .  Common examples are t h e  vapor  c a v i t i e s  formed by 
l i q u i d  f low p a s t  s h a r p  c o r n e r s ,  such as h i g h  v e l o c i t y  flow through a n  
o r f i c e  o r  normal t o  a f l a t  p l a t e  where t h e  p r e s s u r e  d r o p s  below t h e  
vapor p r e s s u r e .  
AcTording to Birkhoff '") ,  b o i l i n g  may be c o n s i d e r e d  t o  be a 
s p e c i a l  case of c a v i t a t i o n  i n  which t h e  vapor  p r e s s u r e  of t h e  l i q u i d  
i s  r a i s e d  t o  a v a l u e  n t h e  p r e s s u r e  of t h e  medium sur rounding  t h e  
f l u i d .  Mawever, the  i n i t i a l  bubbles  formed when h e a t i n g  a l i q u i d  are 
n o t  c a v i t a t i o n  b u b b l e s ,  b u t  are due t o  a phenomenon ca l led  e f f e r v e s c e n c e .  
~ V ~ ~ C I T I C Q  i s  caused by t h e  g a s  coming out o f  s o l u t i o n  w i t h  t h e  l i q u i d  
when the  r a t i o  a €  the d i s s o l v e d  gas volume t o  l i q u i d  volume exceeds  t h e  
s a t u r a t i o n  p a i n t  which i s  a f u n c t i a n  a f  temperature and p r e s s u r e ,  E E f -  
e r v e s c e n c e  may occur be t h e  vapor pressure i n  r a i s e d  (by  h e a t i n g )  
to t h e  ambient p W M P Q ~  Howeverl af t@r  the  l i q u i d  has b o i l e d ,  been 
al lowed t o  6001 t o  room temperature, and heated again,  e f f e r v e s c e n c e  
w i l l  no t  TWUF ~Jince the  air  i n i t i a l l y  containad I n  t he  l i q u i d  was 
aved by the  p Y ~ W I  heating Qa prlaeaso ca l l ed  d e g a a s i n g l ,  If t h e  
l i q u i d  i s  baing heated f rsm the  bottam, bubble8 which farm o n  the bottom 
d u r i n g  t h i s  ond hea t ing  w i l l  c ~ l l a p ~  with a n  audible  m e t a l l i c  
c l i c k  aa they riao through the  c o o l e r  l i q u i d ,  These are c a v i t a t i o n  
1 2  
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bubb les  which c o n t a i n  vapor  and a r e l a t i v e l y  sma l l ' amoun t  of g a s ,  
The same r e s u l t s  may be  ob ta ined  i f  t h e  p r e s s u r e  i n  a l i q u i d  i s  
lowered w i t h  no a d d i t i o n  o f  h e a t .  Var ious  " n u c l e a t i o n  sites" s e r v e  as 
t h e  o r i g i n a t i n g  p o i n t s  f o r  c a v i t a t i o n .  B i rkhof f  ("I states t h a t  t h e s e  
may be  und i s so lved  g a s  " n u c l e i "  a t t ao l i ed  t o  minute  s o l i d  p a r t i c l e s  o r  
s o l i d  b o u n d a r i e s ,  and , a c c o r d i n g  t o  F i s h e r ( ' ) ,  t h e s e  n u c l e i  may be t r a p -  
ped i n  small s c r a t c h e s  o r  p i t s  on t h e  boundar i e s .  As i n  t h e  1ie:iting 
phenomenon, bubble  growth may appea r  w h i l e  t h e  f l u i d  p r e s s u r e  i s  s t i l l  
above t h e  vapor  pressure. I f  t h i s  i s  t h e  case, t h e  bubb les  formed w i l l  
c o n t a i n  g a s e s  o n l y  and w i l l  n o t  comple t e ly  c o l l a p s e  when t h e  i n i t i a l  
p r e s s u r e  i s  r e s t o r e d ,  b u t  may be  l a r g e r  t han  t h e  o r i g i n a l  nuc leus .  
Note t h a t  i n  t h e  p r e v i o u s  d i s c u s s i o n ,  i t  was s t a t e d  t h a t  c a v i t a t i o n  
o c c u r  i f  t h e  pressure i s  less t h a n  the vapor  p r e s s u r e  o r  t h a t  e f f e r -  
vescence  mav o c c u r  when t h e  p r e s s u r e  i s  g r e a t e r  t han  t h e  vapor  p r e s s u r e ,  
The q u e s t i o n  i s ,  when w i l l  t h e s e  phenomena occur?  The de te rmin ing  f a c t o r  
i s  t h e  s i ze  of tho l a r g e s t  n u c l e a t i o n  bubble present i n  t h e  l i q u i d  b e f o r e  
pms@ura i s  lowased, The ppessu re  I n s i d e  t h e  bubble  i s  r e l a t e d  t o  
t h e  pr@,ssure o u t s i d e  by t h e  r e l a t i o n s h i p  (assuming a s p h e r i c a l  b u b b l e ) ,  
pi = p .I. 2 air, where g. i s  t h e  s u r f a c e  t e n s i o n  of t h e  l i q u i d ,  and r i s  
t h e  bubble r a d i u ~ "  Thus i t  i s  seen t h a t  by t h e  a c t i o n  of surEace t e n s i o n  
the  pressure i n s i d e  a bubble may be many timefi greater than  t h a t  a u t *  
wide i f  F t i  amall, Ace~rding t o  Dean'", ( p i  = p )  = Z stmasphare t o r  
& E  ~ Q * C  when r = 1 ~ 4 %  microno and (pi  0 p) ~,XKI a tmospheres  
wher? r = 1 8 9  angR$POms. Thus i t  i e  Been that the2 fluid prmsure nac= 
s y  f o r  the bubble t~ grow vsriea direct ly  with t h e  l n i t j l a l  bubble  
@ i Z @ ,  Far &I @ p a c i f i c  F l u i d ,  there Pn a sr l t i ea l  bubble S i E @  abava which 
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l a r g e s t  bubble  i n  t h e  f l u i d  i s  smaller t h a n  t h i s  c r i t i c a l  s i z e ,  t h e  f l u i d  
may s u p p o r t  t e n s i l e  stresses, T h i s  c o n d i t i o n  i s  o f t e n  g iven  the m i s -  
nomer " n e g a t i v e  p re s su re" .  To b e t t e r  unde r s t and  t h e  concep t  of l i q u i d  
t e n s i o n ,  c o n s i d e r  t h e  exper iment  d e s c r i b e d  by Dean i n  which a g l a s s  
t ube  w a s  s lowly  hea ted  u n t i l  t h e  a i r  w a s  d i s s o l v e d  i n t o  t h e  water and 
t h e  water occupied t h e  e n t i r e  volume, C a l c u l a t i o n s  accoun t ing  f o r  t h e  
thermal  expans ion  and c o m p r e s s i b i l i t y  of t h e  water and g l a s s  showed 
t h a t  when c o o l e d ,  t h e  water con t inued  t o  occupy t h e  e n t i r e  volume and 
wi ths tood  a t e n s i l e  stress of 150 a tmospheres ,  
( 4 )  
S e v e r a l  r e s e a r c h e r s  have conducted expe r imen t s  a t t e m p t i n g  t o  
de t e rmine  t h e  t e n s i l e  s t r e n g t h  (tension a t  which c a v i t a t i o n  o c c u r s )  
of v a r i o u s  l i q u i d s .  See ,  f o r  example, t h e  d e s c r i p t i o n s  of t h e  e x p e r i -  
ments  performed by and The results v a r y  r a d i c a l l y ,  
p robab ly  b e ~ a u s e  of the d i f f e r e n t  d e g r e e s  of degass ing  ach ieved  by t h e  
d i f f e r e n t  methods used, T h e o r e t i c a l l y ,  t h e  t e n s i l e  s t r e n g t h  o f  a l i q u i d  
c o n t a i n i n g  no gases would be equal t o  the  c o h e s i v e  f a r c e  between t h e  
molecules ,  For water, t h i s  i s  apprax ima te ly  10,QQQ a tmospheres ,  
One methad o f  d e g a s s i n g  a l i q u i d  and i t s  boundar i e s  i s  t o  f o r c e  
t h e  gages t o  d i s s o l v e  i n t o  t he  l i q u i d  by a p p l y i n g  pressure t o  the l i q u i d ,  
Another methad i s  t o  ~31owly h e a t  t h e  liquid, d r i v i n g  o f f  gases by t h e  
proce~is  ~f ~ ~ ~ @ P Y ~ w c o ~ c & ~  A t h i r d  method I s  t o  r s p ~ t s d l y  "break" t h e  
3) liquid by application s f  hydra~tatic t ens ion  18 was done by Vincent  
When w vapor ewvfty d,g formed by t h i s  method, (lowering t h e  pressure) 
@as d i % f U B @ @  intQ the  er%vtty, the p r e B $ ~ p @  is S @ S t O r d  to i t s  i n i -  
t i a l  values  fkc  cavity cal2wpwee;r ao the vapor immcdla te ly  goes back 
i n t o  t h ~  l i q u i d  ~ta$ta, Hewovers a bubble esntainlng gas w i l l  remain 
k-lnee the d i f f u s i c ~ n  process o f  the  gas back i n t o  the  l i q u i d  i s  much 
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less r a p i d  t h a n  t h e  change of state o f  t h e  vapor  t o  a l i q u i d ,  
A t y p i c a l  t h e o r e t i c a l  a n a l y s i s  of  t h e  dynamics of bubble  growth 
H i s  a n a l y s i s  i s  based and c o l l a p s e  i s  t h a t  p r e s e n t e d  by P l e s s e t ( 8 ) ,  
on t h e  assumption of a s p h e r i c a l  bubble i n  a p e r f e c t ,  i n c o m p r e s s i b l e  l i q u i d  
of i n f i n i t e  e x t e n t ,  S i n c e  t h e s e  assumpt ions  are i n v a l i d  f o r  t h e  f l u i d  
c o n t a i n e d  i n  t h e  squeeze f i l m ,  and no t h e o r i e s  are found a c c o u n t i n g  
f o r  t h e  c l o s e  p r o x i m i t y  of  t h e  boundar ies  and a r b i t r a r y  bubble  geometry,  
a mathematical  d e s c r i p t i o n  of  bubble  b e h a v i o r  i s  n o t  g iven .  
IV. APPARATUS AND EQUIPMENT 
To o b t a i n  a squeeze f i l m  as d e p i c t e d  by F i g u r e  (11, t h e  a p p a r a t u s  
shown i n  F i g u r e s  ( 2 1 ,  ( 3 1 ,  and ( 4 )  w a s  used. The l i q u i d  squeeze  f i l m  
w a s  s i t u a t e d  between t w o  5-in.  c i r c u l a r  s u r f a c e s  of p a r a l l e l  P l e x i g l a s  
d i s c s  l + i n o  t h i c k  as shown i n  F i g u r e  (41, The d i s c s  were formed by a 
l a t h e  such  t h a t  t h e  s u r f a c e  i n  c o n t a c t  w i t h  t h e  f i l m  and t h e  o p p o s i t e  
s u r f a c e  of  each  d i s c  w e r e  p a r a l l e l  w i t h i n  f ,0005- in0  
h a s  shown t h a t  t h e  s u r f a c e  roughness  of t h e  boundar ies  h a s  no s i g n i f i -  
c a n t  e f f e c t  on t h e  bonding s t r e n g t h , ,  T h e r e f o r e ,  t h e  f i l m - s i d e  of  t h e  
d i s c s  were n o t  p o l i s h e d ,  The lower d i s c  w a s  b o l t e d  t o  a h o r i z o n t a l  
s teel  p l a t e  which had been s u r f a c e  ground t o  a s s u r e  p l a n e  c o n t a c t  be- 
tween i t  and t h e  d i s c ,  The upper  d i s c  w a s  a t t a c h e d  t o  a n  aluminum s h a f t  
( l - i n e  d i a m e t e r  by k2- inO l e n g t h )  which passed through two r i g i d l y  mounted 
l i n e a r  motion b a l l  bushings ,  T h i s  arrangement  a l lowed a x i a l  motion of  
t h e  s h a f t  w i t h  a minimum amount of  f r i c t i o n  and v i r t u a l l y  no lateral  
movement of t h e  upper  d i s c .  Once t h e  lower d i s c  w a s  s e c u r e ,  t h e  upper  
C o l ~ l a s u r e ( ~ ~ )  
d i s c  w a s  s i t u a t e d  such t h a t  t h e  f i l m - s i d e  s u r f a c e s  of t h e  d i s c s  were 
always p a r a l l e l  w i t h i n  ?,OOl-in, 
To induce  v e r t i c a l  movement of  t h e  upper  d i s c ,  a f o r c e  w a s  a p p l i e d  
t o  t h e  upper  end of  t h e  aluminum s h a f t  by t h e  arrangement  shown i n  F i g u r e  
( 3 ) .  A f l e x i b l e  s t r a n d e d  steel c a b l e  ( .067-in0 d i a m e t e r )  of t h e  t y p e  
used f o r  a i r c r a f t  c o n t r o l s  w a s  used t o  t r a n s m i t  t h e  load  d e l i v e r e d  by 
t h e  impact of a f r e e l y  f a l l i n g ,  guided mass, m 2 ,  w i t h  a body (which w a s  
suspended by t h e  c a b l e )  having a mass s m a l l  compared t o  "2, h e r e a f t e r  
c a l l e d  t h e  "stop".  The load  w a s  a d j u s t e d  by v a r y i n g  m2 a n d / o r  t h e  f r e e  
1 6  
17 
c 
f a l l  d i s t a n c e .  
t h e  load  t o  a v o i d  w h i p l a s h  upon impact  of m2 w i t h  t h e  s t o p .  
The c a b l e  was k e p t  i n  t e n s i o n  ( l % - l b o )  b e f o r e  a p p l y i n g  
The force a p p l i e d  t o  ml (m, d e n o t e s  the mass of t h e  upper  d i s c ,  t h e  
s h a f t  t o  which i t  i s  a t t a c h e d ,  and a l l  equipment mounted t h e r e o n )  was 
measured by means oL a q u a r t z  load washer and o s c i l l o s c o p e .  The washer 
was p laced  as shown i n  F i g u r e  ( 3 )  and pre loaded  t o  350 l b ,  i n  compres- 
s i o n  t o  a v o i d  p o s s i b l e  n o n l i n e a r i t y  encountered  when o p e r a t i n g  i n  t h e  
exfreme low end of t h e  range of such  a n  i n s t r u m e n t ,  
T h i s  method produced a f o r c e  p u l s e  which approximated a h a l f - c y c l e  
s i n e  wave, F i g u r e s  ( 6 )  and ( 7 )  show t h e  o s c i l l o s c o p e  traces of two 
superimposed force p u l s e s  which a p p e a r  t o  b e  o n l y  one trace (upper  t r a c e  
on each  p i c t u r e ) ,  and i n  F i g u r e  ( 8 )  seven  such traces are  superimposed. 
This  demonst ra tes  t h e  r e p e a t i b i l i t y  achieved  by t h e  system, The maximum 
load t h a t  t h e  system c o u l d  d e l i v e r  t o  ml was approximate ly  300-13,. 
A c i rcu lar  r e s e r v o i r  c o n c e n t r i c  w i t h  t h e  P l e x i g l a s  d i s c s  h e l d  t h e  
l i q u i d  i n  which t h e  di6,cs were Immersed, 
w45 maintained one i n c h  above t h e  l e v e l  o f  t h e  squec!ze film th roughout  
The frse surface of t h e  l i q u i d  
the  @xp@sim@nt@ P 
The i n i t i a l  f i l m  t h i c k n e s s ,  h,, ( d i s c  s e p a r a t i o n  d i s t a n c e  b e f o r e  
on of  € o w e  t o  mil was s s n t s o l l e d  by the  s y e t m  shown i n  F i g u r e  
( 3 1 ,  With plo l i q u i d  prosent, and the d i s c i  a d j u s t e d  80 as t o  be p a r a l l e l ,  
t h e  d i a e o  WIPE! h ~ l d  with the  fiIrn=wi.de ~;ut-fac@e i n  contact :  w h i l e  t h e  set 
BCCCWI W Q ~ Q  wdjuwted u n t i l  t h e i r  ends w m x  in c o ~ t a ~ t :  w i t h  t h s  b e a r i n g  
housing and toeked i n  that p a d - t i s n ,  To $ e t  t h e  f i l m  thickne,ss, s l i p  
g a p 8  af  thiclsneaw r a n g i n g  from ,OOlS=in,  ta .05Q=inr were placed b e t w e e n  
t he  sot  PCWW ends  and t he  hearing hous ing ,  
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P i e z o e l e c t r i c  t r a n s d u c e r s  t o  measure v e l o c i t y  and a c c e l e r a t i o n  
were mounted on t h e  t o p  of t h e  upper  d i s c  as shown i n  F i g u r e  ( 4 b ) ,  The 
lower d i s c  w a s  des igned  t o  f a c i l i t a t e  r e c o r d i n g  of t h e  f l u i d  p r e s s u r e  i n  
t h e  f i l m  a t  f o u r  l o c a t i o n s ,  r = 0 ,  r = ro/3, r = r o / 2 ,  and r = 2r0/3  
u s i n g  a s t r a i n - g a g e  t y p e  t r a n s d u c e r .  A p i c t u r e  showing t h e  p r e s s u r e  
t ransdi icer  mounting l o c a t i o n s  i n  t h e  lower d i s c  i s  shown i n  F i g u r e  (51. 
The h o l e s  through t h e  f i l m - s i d e  of t h e  d i s c  are 0,07-in.  d iameter .  The 
t h r e a d s  of t h e  p r e s s u r e  t r a n s d u c e r  which were r e c e i v e d  by t h e  lower d i s c  
were wrapped w i t h  t e f l o n  t a p e  b e f o r e  i n s e r t i o n  t o  i n s u r e  a p r o p e r  vacuum 
seal 
These t r a n s d u c e r s  were e x c i t e d  by means of  a c o n s t a n t  v o l t a g e ,  
c u r r e n t  l i m i t e d  power supply.  T h e i r  o u t p u t s  were rccorded  by a d u a l -  
beam o s c i l l o s c o p e  w i t h  a mounted camera t o  o b t a i n  a permanent record  of 
t h e  v a r i o u s  s i g n a l s ,  An o s c i l l o s c o p e  w a s  chosen f o r  i t s  h i g h  s e n s i t i v i t y  
and f a s t  w r i t i n g  speed compared t o  a c h a r t  r e c o r d e r ,  The o s c i l l o s c o p e  
w a s  t r i g g e r e d  e x t e r n a l l y  when t h e  guided mass c o n t a c t e d  t h e  s t o p  and 
completed a b a t t e r y  powered c i r c u i t .  
For  t h e  photographic  s t u d y  of c a v i t a t i o n ,  t h e  lower d i s c  was re- 
p laced  by a s o l i d  one (no  h o l e s  f o r  p r e s s u r e  measurement) made of p l e x i -  
g l a s  so t h a t  t h e  e n t i r e  area of t h e  l i q u i d  f i l m  could  b e  viewej from a 
d i r e c t i o n  normal t o  i t .  P i c t u r e s  were t a k e n  of  t h e  image of t h e  f i l m  
which appeared on a m i r r o r  p laced  d i r e c t l y  below t h e  lower d i s c  a t  an 
a n g l e  of 45' t o  t h e  h o r i z o n  (see F i g u r e  (211, 
and a Hycam 16mm h i  
p ic tures -per -second were used. To '.!stop" t h e  motion f o r  s t i l l  p i c t u r e s ,  
i t  was n e c e s s a r y  ' t o  f l a s h  5 s t r o b e  l i g h t  a t  t h e  d e s i r e d  t i m e  w i t h  t h e  
room darkened and t h e  camera s h u t t e r  open, A T e k t r o n i x  o s c i l l o s c o p e  
F o l a r o i d  and 35nlrn cameras 
-speed movie camera w i t h  a maximum speed of 3000 
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which produces  a v o l t a g e  s p i k e  a v a i l a b l e  a t  any t i m e  from 0 .1  sec. t o  
50 seco a f t e r  i n i t i a t i o n  of t h e  o s c i l l o s c o p e  beam sweep was used i n  con- 
j u n c t i o n  w i t h  a s i l i c o n e  c o n t r o l  r e c t i f i e r  t o  f l a s h  t h e  s t r o b e  a t  t h e  
d e s i r e d  t i m e  d u r i n g  a p p l i c a t i o n  of t h e  f o r c e  p u l s e .  
S i l i c o n e  o i l  was chosen  f o r  t h e  squeeze  f i l m  l i q u i d .  S i l i c o n e  o i l s  
having  d i f f e r e n t  v i s c o s i t i e s  were mixed t o  o b t a i n  o i l s  w i t h  t h e  d e s i r e d  
v i s c o s i t i e s  f o r  tlie expe r imen t s ,  These v i s c o s j  t ies  were de termined  by 
u s e  of a c o a x i a l  c y l i n d e r  v i scomete r ,  Once t h e  d e s i r e d  v i s c o s i t i e s  were 
o b t a i n e d ,  t h e i  s t a b i l i t y  w i t h  r e s p e c t  to t empera tu re  was g r e a t e r  t han  
would have been p o s s i b l e  w i t h  o t h e r  o i . 1 ~ .  S ince  t h e  room tempera tu re  was 
72' -1- 2'F, t h e r e  was no need f o r  u s i n g  a c o n s t a n t  t empera tu re  b a t h  t o  
treat t h e  o i l  i n  t h e  f i l m ,  Another p r o p e r t y  of t h e  s i l i c o n e  o i l  which 
i s  d e s i r a b l e  f o r  a photographic  s t u d y  of c a v i t a t i o n  i s  i t s  t r a n s p a r e n c y ,  
20 
Figure  2. Experimental  Apparatus  and Equipment. 
21 
\ I  LOAD WASHER 
SET SCREW 
GUIDE 
MASS, m2 
"STO 
R E S E R V O  
'I 
R ' FREE SURFACE /- OF L I Q U I D  
u_ P L E X I G L A S  DISCS 
Figure 3, Sketch oflExperimenta1 Apparatus. 
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V. PROCEDURE 
I n  t h e  p r e v i o u s  work by C ~ l c l a s u r e ( ~ ” ,  t h e  bonding s t r e n g t h  w a s  
d e f i n e d  as t h e  minimum v a l u e  of Fmax a t  which t h e  d i s c s  would s e p a r a t e  
under  a g i v e n  set of c o n d i t i o n s .  
d u r i n g  a f o r c e  pu l se . )  I t  was t r e a t e d  as t h e  dependent  v a r i a b l e  and i t s  
r e l a t i o n s h i p  t o  t h e  d u r a t i o n  of l o a d i n g ,  T, was e s t a b l i s h e d .  For  t h e  
c o l l e c t i o n  of d a t a  d e s c r i b e d  h e r e i n ,  t h e  a p p l i e d  f o r c e ,  F, was t r e a t e d  
as a n  independent  v a r i a b l e .  T was e s s e n t i a l l y  c o n s t a n t  th roughout .  
F,,, was h e l d  c o n s t a n t  f o r  a l l  p r e s s u r e ,  v e l o c i t y ,  and a c c e l e r a t i o n  d a t a ,  
b u t  was v a r i e d  i n  t h e  s t u d y  of c a v i t a t i o n .  
(Fma, i s  t h e  maximum ampl i tude  of F 
Although i t  would have been d e s i r a b l e  t o  r eco rd  s imul t aneous ly  t h e  
s i g n a l s  from a l l  t r a n s d u c e r s ,  t h e  c o r r e c t i o n  of problems encountered  
w i t h  fesd=back i n t e r f e r e n c e  o f  one t r a n s d u c e r  w i t h  a n o t h e r  w h i l e  o p e r a t i n g  
from a common powar s u p p l y ,  and aha problems o f  s imul t aneous  t r i g g a r i n g  
and c o n t r o l l i n g  of m u l t i p l e  ~ o c i l l o s c o p a s  r e q u i r e d  ta  mopliter a l l  s i g -  
n a l s  would introditee mom u n c e r t a i n t y  about t h e  data v a l i d i t y  than  re- 
cord ing  v e l o c i t y  under  a a e t  of eondi t lenr?  (ho% / s F,  o p p p e ” ) ,  l a t e r  
s r d i n p  aeceleratlari, and la ter  reearding pressure under  these same 
c o n d i t i o n s ,  The data t aken  i n  t h i 8  manner was repeatable as ahown by 
Figusre8 ( 6 )  and (7) whieh are b i c t u r e ~  af two auparimpawd a s s i ~ , ~ l , s c o p e  
traces D€ farce and velocityp and fore@ and a c c e l e r a t i o n  t ~ ~ p e c t i ~ s l y ,  
P ~ ~ u P I ?  S )  i s  t yp ica l  txf the preglw~re data eal leeted,  “he ind ivddi ia l  
farce p b t l o e ~  applied W Q P ~  ~uperirnpsmd when reearding the  presaure cot-.. 
rengaridiQg t o  dif ferent  i n i t i a l  s p ~ c i n g w ~  The independent  v a r i a b l e s ,  
were e a c i l y  cnntre$led, m l a  rn2)  g a  and r0 were c o n s t a n t  
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th roughout  t h e  expe r imen t s ,  and t h e  f o r c e  p u l s e  w a s  recorded  each  t i m e  
a signal.  from a n o t h e r  t r a n s d u c e r  w a s  recorded  so a s  t o  i n s u r e  t h a t  a l l  
i ndependen t  v a r i a b l e s  were p r o p e r l y  c o n t r o l l e d .  
C o l l e c t i o n  of P r e s s u r e  and Boundary Motion Data. 
The a p p a r a t u s  was r i g i d l y  secured  t o  avo id  e r roneous  d a t a  due t o  
g r o s s  movement upon a p p l i c a t i o n  of t h e  f o r c e  p u l s e ,  
f u l l y  a l i g n e d  and a d j u s t e d  so t h a t  t h e  s u r f a c e s  t o  be  i n  c o n t a c t  w i t h  
t h e  l i q u i d  were p a r a l l e l  w i t h i n  ~ . 0 0 1 = i n .  
t h e  r e s e r v o i r ,  o s c i l l a t i o n  of t h e  upper  d i s c  assembly by hand removed 
any v i s i b l e  a i r  bubb les  which may have been p r e s e n t  i n  t h e  f i l m ,  T h i s  
e l i m i n a t e d  t h e  p o s s i b i l i t y  of e f f e r v e s c e n c e  o c c u r r i n g  upon a p p l i c a t i o n  
o f  t he  f o r c e  p u l s e ,  Pressure measurements showed t h a t  i f  a l l  v i s i b l e  
The d i s c s  were c a r e -  
A f t e r  t h e  oil was p laced  i n  
bubb les  were removed, and t h e  p r e s s u r e  i n  t h e  f i l m  was g r e a t e r  t han  t h e  
vapor  p s a s s u r s  o f  the o i l  th roughout  a p p l i c a t i o n  of t h e  fo rce  p u l s e ,  no 
bubble  growth o c c u r r e d l  i . e s r  no e f f e r v e s c e n c e .  V i s i b l e  a i r  bubb les  
were preeent  on ly  a f te r  t h e  upper d i m  had been above. t h e  f r e e  s u r f a c e  
of t h p  ~ i l ,  Bincs t h e  theoretical a n a l y s i s  i s  not  v a l i d  f o r  two-phase, 
c a v i t a t i n g  f l a w ,  the  minimum presoura was kept well above, the vapor  
prat3tiure sf the o i l ,  The frcmfa nd ma8so m 2 ,  were a d j u s t e d  
I*=, s k  
u n t i l  Ehc force pulse  w m  s u f f i c i e n t  t o  cause t h e  minimum pressure i n  t h e  
f i lm urldar any e e t  of ecmcli t ion~ atudied t o  be approx ima te ly  2 psias 
Once thew i n i t i a l  adjuntments were made9 t h e  m c c e s d i n g  d a t a  was 
taken by a r e p ~ t i t i v ~  p r ~ ~ e a i ~  an  .short, the  independent v a r i a b l e s  were 
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p r e v i o u s l y  d e s c r i b e d ,  Once t h e  v i s i b l e  a i r  b u b b l e s  were removed and t h e  
i n i t i a l  thickne.;:; se t ,  t h e  o s c i l l o s c o p e  w a s  made ready  f o r  a s i n g l e  sweep, 
t r i g g e r e d  e x t e r n a l l y ,  The scope  was t r i g g e r e d  upon i n i t i a l  c o n t a c t  of  
m2 w i t h  t h e  s t o p ,  and t h e  subsequEut force p u l s e  and dependent  v a r i a b l e  
q u a n t i t y  w e r e  recorded  by t h e  o s c i l l o s c o p e  camera. as t h e  traces swept 
a c r o s s  t h e  s c r e e n .  
P r e s s u r e  a t  t h e  f o u r  l o c a t i o n s  p r ~ v i o u s 1 . y  d e s c r i b e d ,  v e l o c i t y ,  and 
a c c e l e r a t i o n  were measured i n  t h i s  manner f o r  ho ranging  from 0.005-in.  
t o  O.OSO-in, i n c l u s i v e  by increments  of 0.005-in.  and f l u i d  v i s c o s i t i e s  
of 10, 30,  50, 7 0 ,  and 200 c e n t i p o i s e .  F i g u r e s  (61, (71, and ( 8 )  are  
t y p i c a l  of t h e  d a t a  c o l l e c t e d ,  The traces may a p p e a r  t o  b e  i n v e r t e d ,  
i . e . ,  time i n c r e a s e s  from l e f t  t o  r i g h t  w i t h  p o s i t i v e  d i s p l a c e m e n t  of 
the. tracs downward, 
A i r  p r e s e n t  i n  t h e  chamber of t h e  p r e s s u r e  t r a n s d u c e r  a f t e r  i n s e r t i o n  
i n t o  t h e  lower d isc  was removed by a s y r i n g e  ( s e e  F i g u r e  (Sa) ) .  While 
t h e  presa%iurs was baing measurad a t  ana I n c a t i o n ,  the remaining t h r e e  
locat ions were sealad by brasis plugs whose t h r e a d s  were wrapped w i t h  
t e f l o n  baFors i n n e s t i o n  i n t o  t h e  d i s c .  
Measurement o f  t h o  dieplacement of  the  upper d i s c  was attemptt .4 us ing  
'a LVDT dioplaeement t r a n s d u c e r .  
ve lae i sy  and t h e  digglaesmsnt t r a n s d u c e r  o u t p u t  far  t h e  same c o n d i t i o n s  
However, R camparfson a f  t h e  I n t e g r a t e d  
ehawd t h a t  the  raspoms time of the  t r a n d n c e r  was too slow f a r  use i n  
the,% exparimento, The di8placsmsnt data presented here in  was o b t a i n e d  
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t i m e  t h e  f o r c e  p u l s e  began)  t o  t = t o  This method would 
p r e c i a b l e  e r r o r  i f  t h e  o u t p u t  of t h e  v e l o z i t y  t r a n s d u c e r  
i n t r :>duce  ap- 
were i n c o r r e c  t. 
By t h e  same method, sample a c c e l e r a t i o n  t r a c e s  were i n t e g r a t e d  t o  compare 
w i t h  t h e  measured v e l o c i t y  and t h e  r e s u l t s  checked w i t h i n  5%. Th i s  
q l o s e  agreement  j u s t i f i e s  t h e  method used t o  o b t a i n  h ( t ) .  
P rocedure  f o r  Study of C a v i t a t i o n .  
I t  was observed  t h a t  i f  t h e  load ing  rate was s u f f i c i e n t l y  i n c r e a s e d  
by h o l d i n g  T c o n s t a n t  and i n c r e a s i n g  FmaXr d i s c o n t i n u i t i e s  ( h i g h  f r e -  
quency o s c i l l a t i o n s )  appeared  i n  t h e  v e l o c i t y  and a c c e l e r a t i o n  t r a c e s  
which were similar t o  those  observed  by Hanks(16). Measurement of p r e s -  
sure under  t h e s e  c o n d i t i o n s  showed t h a t  t h e  p r e s s u r e  dropped t o  approx i -  
ma te ly  Q p i a ,  remained a t  t h i s  v a l u e  f o r  a s h o r t  pe r iod  of time (appro+- 
x i m a t e l y  ,008 SBC.  when T = 0,02 s e e . ) ,  and then  a b r u p t l y  i n c r e a s e d .  These 
d i s c o n t i n u i t i e s  suggested t h e  c o l l a p s e  of a c a v i t y ,  b u t  8. photographic  
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minimum v a l u e  of Fma, a t  which c a v i t a t i o n  occurred .  
of Fma, i s  h e r e a f t e r  d e s i g n a t e d  by F,:. 
T h i s  minimum v a l u e  
The e f f e c t  o f  d e g a s s i n g  t h e  o i l  by slow h e a t i n g  under  a p a r t i a l  
vacuum had no pronounced e f f e c t  upon Fc. Nucle i  p r e s e n t  on t h e  boundary 
s u r f a c e s  were n o t  removed s i n c e  t h e  
then  t r a n s f e r r e d  t o  t h e  r e s e r v o i r .  
t h e  b o u n d a r i e s ,  A method similar t o  
o i l  w a s  t r e a t e d  i n  a vacuum oven an.l 
To e f f e c t i v e l y  deg.Ls t h e  f l u i d  & 
t h a t  d e s c r i b e d  by was 
used,  The i n i t i a l  s p a c i n g  was set  a t  a r c L a t i v e l y  small v a l u e  (0.003-in.)  
and a f o r c e  p u l s e  a p p l i e d  which w a s  s u f f i c i e n t  t o  i d u c e  c a v i t a t i o n  i n  
t h e  f i l m ,  The a i r  drawn o u t  of t h e  l i q u i d  and boundar ies  by t h i s  pro- 
cess remained as v i s i b l e  bubbles  which were removed by g e n t l e  o s c i l l a t i o n  
of the uppsr  d i s c  assembly,  
u n t i l  no bubbles remained a f t e r  f o r c e  a p p l i c a t i o n .  The e n t i r e  p r o c e s s  
W R S  t h e n  repea ted  f o r  pragsessive1.y l a r g e r  i n i t i a l  s p % c i n g s  u n t i l  sep- 
a r a t i o n  occurred by l i q u i d  %IQW i n t o  t h e  f i l m  r e g i o n  wit i iout  c a v i t a t i o n ,  
T h i s  procedure  was r e p e a t e d  f o r  t h e  same ho 
29 
t i m e  
1 c m .  
F i g u r e  6.  Samp1.e Force  and V e l o c i t y  Data, Force ,  (upper  t race) ,  
50 lb/cm; V e l o c i t y  ( lower  t r ace ) ,  4.43 i n / sec / cm;  
Sweep, .002 sec/cm. 
t i m e  
F i g u r e  7 .  Sample Force  and A c c e l e r a t i o n  Data, Force (upper  t r a c e ) ,  
50 lb/cm; A c c e l e r a t i o n  ( lower  t r ace ) ,  2 .06  g/cm; 
Sweep, .002 sec/cm. 
30 
F i g u r e  8. Sample Force and P r e s s u r e  Data, Force (upper  traces which 
are super imposed) ,  50 Ib/cm; P r e s s u r e  ( remain ing  traces 
co r re spond ing  t o  d i f f e r e n t  h 1, 3.71 psi/cm. 
0 
VI. DIMEN.SIONAL, ANALYSIS 
The independent  v a r i a b l e s  c o n s i d e r e d  i n  t h i s  work are: 
F - magnitude of a p p l i e d  f o r c e  p u l s e  ( l b . )  
T = p e r i o d  ( t i m e  d u r a t i o n )  of a p p l i e d  force p u l s e  ( s e c . )  
t - t i m e  measured from beginning  of f o r c e  p u l s e  (sec.)  
ro - r a d i u s  of t h e  c i r c u l a r  d i s c s  ( f t . )  
r - rad ia l .  d i s t a n c e  from c e n t e r  of d i s c s  ( f t )  
"1, - mass of upper  d i s c ,  aluminum s h a f t ,  and a t t a c h e d  equipment 
(slugs) 
h, - 
P = 
f i l m  t h i c k n e s s  before  appl. . icatinn of f o r c e  p u l s e  ( f t . )  
d e n s i t y  o f  squeeze f i l m  l i q u i d  ( s l u g s / f t 3 )  
Fer a particular set of t h e m  independent  ver iah lea ,  the following 
d e p e n d ~ n t  variablew are determined: 
3% 
3 2  
V = f l ( F ,  T, t ,  rO,..........*..U..) 
a = f 2 ( F ,  T, tyre. . . . . . . . . . . . . . . .o.)  
( 2 1 )  
(22)  
.............................. 
F o r  t h e  s t u d y  of  c a v i t a t i o n  t o  d e t e r m i n e  t h e  minimum v a l u e  of F,T,a, 
0)" 
n e c e s s a r y  t o  induce  c a v i t a t i o n  under  a g i v e n  set  of  c o n d i t i o n s  ( T , t , r  
This  minimum v a l u e  .... 1 ,  Fmax i s  treated as the dependent  v a r i a b l e .  
of Fma, i s  d e s i g n a t e d  by Fco The f u n c t i o n a l  r e l a t i o n s h i p  i s  
Fc = # ( T ,  t ,  rOy mly h,, P A ,  g ,  p o l o  ( 2 3 )  
Thus i t  i s  seen  t h a t  t h e r e  are 18 v a r i a b l e s  (11. independerit  and seven 
dependent)  These v a r i a b l e s  were t ransformed i n t o  d i m e n s i o n l e s s  para-  
meters by u s e  of t h e  Buckingham 77 Theorem. S i n c e  m!., g ,  and r were 
h e l d  c o n s t a n t  th roughout  t h e  exper iments ,  they  were chosen as  t h e  r e p e a t -  
i n g  v a r i a b l e s ,  Each d i m e n s i o n l e s s  r a t i o  c o n t a i n s  only  one v a r i a b l e  which 
was v a r i e d  i n  t h e  exper iments .  
ml and g were h e l d  c o n s t a n t ,  a change i n  T, r e p r e s e n t s  a s c a l e d  change 
i n  F, A p p l i c a t i o n  of t h e  7 theorem y i e l d s  t h e  f o l l o w i n g :  
0 
For example,  i f  TI = F/mlg, t h e n  s i n c e  
7, = F/mlg 
% =  Fb/mlg bonding s t r e n g t h  
f o r c e  a p p l i e d  t o  t h e  uppar  d i s c  
t ime e l a p s e d  s i n c e  beginning  of f o r c e  p u l s e  
i n i  t i q l  s p a c i n g  
~lr, = Aro/mldG v i s c o s i t y  
T e =  a / g  a c c e l e r a t i o n  of  t h e  upper  d i s c  
T 7 =  v/  
T# = h/  ro 
t y  of t h e  upper  d i s c  
f i l m  t h i c k n e s s  a t  any t i m e  
f l u i d  p r e s s u r e  i n  s.quse%,e f i l m : '  2 vi= Prolmlg 
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f l u i d  p r e s s u r e  a t  r = T o ,  z = 0 2 ' %a= poro/mlg 
n'd = r/ro r a d i a l  d i s t a n c e  
%k= T d K  time d u r a t i o n  of force p u l s e  
f l u i d  d e n s i t y  
minimum v a l u e  of Fmax n e c e s s a r y  for  c a v i t a t i o n  
w e i g h t  p l u s  i n e r t i a  of m l  e 
Tq = r o / m l  3 
Fc/mlg 
v,s = (mi (a+g) I / m l g  
It  i s  d e s i r a b l e  to  recombine some of t h e s e  % terms to  o b t a i n  ratios 
JC 
which are more meaningful .  n s /  W,* = t / T ;  d e f i n e  7r; = t / T  which re- 
p l a c e s  *=, -ais r e t a i n e d .  (n7>( %#>/( %> = VhP///, which re- 
p l a c e s  D e f i n e  a Reynolds number 
based on t h e  f i l m  t h i c k n e s s ,  R e  = Vhf/#. 
v,, 7 8  , and T, are r e t a i n e d .  
The f u n c t i o n a l  r e l a t i o n s h i p s  (211, (221, and (23) may be express.td 
The results of t h e  work r e p o r t e d  h e r e i n  are p r e s e n t e d  i n  terms of 
t h e s e  dimensionk&es parameters .  
V L I .  RESULTS 
A graph  of t h e  d i m e n s i o n l e s s  f o r c e  p u l s e  (?= F/m g) a p p l i e d  d u r i n g  
I; 
t h e  c o l l e c t i o n  of d a t a  r e p r e s e n t i n g  t h e  boundary motion and f l u i d  p r e s -  
s u r e  i s  shown i n  F i g u r e  (9). I n  t h e  g r a p h i c a l  p r e s e n t a t i o n s ,  a l l  v a r i a -  
t i o n  w i t h  time i s  g i v e n  w i t h  r e s p e c t  to  t h e  d u r a t i o n ,  T,  of t h e  a p p l i e d  
u. 
:Force, F,  i , e . ,  v s  = t / T ,  I n  t h e  work r e p o r t e d  h e r e i n ,  t h e  v a r i a t i o n  
of T s ,  € o r  example,  i m p l i e s  a v a r i a t i o n  of v i s c o s i t y  s i n c e  t h e  o t h e r  
v a r i a b l e s  involved  i n  t h e  d imens ionless  r a t i o  were h e l d  c o n s t a n t  through- 
o u t  t h e  c o l l e c t i o n  of d a t a ,  
o f  one v a r i a b l e  w i t h  a n o t h e r ,  e . g p ,  d i s p l a c e m e n t  w i t h  t ime,  i t  must b e  
underataad t h a t  the  actual .  v a r i a t i o n  d e s c r i b e d  i s  t h a t  of t h e  dimension- 
less parameters  i n  which t h e  mentioned v a r i a b l e s  a p p e a r ,  b u t  i n  t h e s e  
e x p e r i m e n t s ,  t h e  d i m e n s f a n l a s s  parameters  were v a r i e d  by changing v a l u z s  
o f  t h o  mentioned v a r i a b l e s .  Thus t h e  v a r i a t i o n  of d isp lacement  w i t h  time 
i m p l i e s  t h e  v a r l , i t i o n  of t h e  d i m e n s i o n l e s s  d isp lacement  CV@-39i54> w i t h  
the diflol'I$fOn1@t35 tame ( 1 %  e t c . .  Far s i m u l a t i o n  of t h e s e  e x p e r i m e n t s ,  
aimklaar re$uhti nay be abtaliied by vary ing  the  o t h e r  parameters  which ap- 
F3r  a l l  d i s c u s s i o n  concern ing  t h e  v a r i a t i o n  
35 
Thus t h e  d a t a  s u b s t i t u t e d  i n t o  e q u a t i o n  (20): f o r  a comparison of e x p e r i -  
mental  and t h e o r e t i c a l  r e s u l t s  i s  r e s t r i c t e d  to  the range  of 0.008 
f .020, 
44 
The v a r i a t i o n  of t h e  total  d i s p l a c e m e n t  ( T g  0 "rr, 1 from T3 = 0 t o  
= 0.5 w i t h  t h e  i n i t i a l  f i l m  t h i c k n e s s  ( T 4 >  f o r  d i f f e r e n t  v i s c o s i t i e s  
(7s) i s  shown i n  F i g u r e  (161, Note t h e  l i n e a r i t y  of t h e s e  c u r v e s .  Fig-  
u r e  (17) d e f i n e s  t h e  r e l a t i o n s h i p  of d isp lacement  (% - 7 4  ) t o  v i s -  
c o s i t y  ( v g >  f o r  d i f f e r e n t  c o n s t a n t  v a l u e s  of t h e  i n i t i a l  t h i c k n e s s  ( 
&x 
F i g u r e  (18) i s  t y p i c a l  o f  t h e  d a t a  taken  showing t h e  V a r i a t i o n  of 
p r e s s u r e  ( - r9 1 a t  a p o i n t  ( %, 1 d u r i n g  t h e  a p p l i c a t i o n  of t h e  f o r c e  
p u l s e ,  From t h i s  t y p e  of d a t a ,  t h e  r e l a t i o n s h i p s  of p r e s s u r e  t o  t h e  var -  
i o u s  Independent  v a r i a b l e s  were o b t a i n e d ,  T y p i c a l  radial .  p r e s s u r e  d i s t r i -  
b u t i o n ~  a t  d i f % e r e n t  times are shown i n  F i g u r e s  (19)  and (20) f o r  Ir,= .002 
and ,088 r e s p e c t i v e l y .  These p r o f i l e s  were i n t e g r a t e d  over  t h e  area of 
the f i l m  i n  iz manner similar to t h a t  sE o b t a i n i n g  d i s p l a c e m e i t  Erom veloc-  
i t y  p r e v i o u s l y  d e s c r i b e d  t o  g i v e  the  bonding e f f e c t  of t h e  film due t o  
pre~sure, 
preegure fo rce ,  the  riawult checked with t h e  a p p l i e d  f a r c e  w i t h i n  10%. I n  
generalr the  profilsa were found t o  be f l a t t e r  i n  ' the  c e n t r a l  r e g i o n  
When t he  weight and iner t ia  forces of "1 were added to t h e  
rd t h a n  the parabolic di$trlbution p r e d i c t e d  by W@!ynal$e' t h e o r y  
which negleeta inertia term@ i n  the  equationen Figure (21) 
s h e w  more elearly the relatienokip between t he  psesmre a t  w p a r t i c u l a r  
t i m e  and r a d % u ~  and the i n i t i a l  f i l m  tliickneeae, The d i r ec t  dependance sE 
pse@@uPa lagan v i&Eeei ty  W&$ faufld t a  be very s l i g h t .  
To obtain the bending feree,  dat like t k s t  Enhowra i n  FigursF3 (101, 
t a l a ,  and c l a s  W@PQ I u b l t i t u t e d  into QquWtlot? (20). The i n e r t i a  of "1 
PrOVed e@ be iAIpf3rtanf fSS t h @  aC!€el@P+ZltiOnB inVC?lV@d (a 10 8.). Figure 
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(22)  shows a t y p i c a l  p l o t  of t h e  bonding s t r e n g t h  ('72) computed from 
e q u a t i o n  (20) and t h e  weight  p l u s  i?ertia of  ml ( w , ~ )  d u r i n g  a p p l i c a t i o n  
of t h e  f o r c e  p u l s e ,  
t h e  a p p l i e d  f o r c e  measured by t h e  load  washer.  The comparison of  ex- 
p e r i m e n t a l  r e s u l t s  w i t h  t h e o r e t i c a l  p r e d i c t i o n s  of e q u a t i o n  (20)  i s  
based on t h e  comparison of  t h e  a p p l i e d  f o r c e  p u l s e  w i t h  t h i s  sum., 
u r e  (23)  shows such  a comp.rison f o r  % = c o n s t .  and vary ing  7+. 
p l o t  i s  t y p i c a l  of t h e  r e s u l t s  o b t a i n e d  for. t h e  remaining T s .  
T h e i r  m m ,  a l s o  shown i n  F i g u r e  (221, should e q u a l  
Fig- 
This  
When t h e  loading  rate w a s  i n c r e a s e d  ( h o l d i n g  T c o n s t a n t  a t  " 0 2  sec .  
and i n c r e a s i n g  F 1, d i s c o n t i n u i t i e s  i n  t h e  v e l o c i t y  and f o r c e  were ob- 
served ,  F i g u r e  (24a)  shows such  d i s c o n t i n u i t i e s  o c c u r r i n g  d u r i n g  t h e  
las t  h a l f  of t h e  f o r c e  p u l s e  which are similar t o  t h e  a c c e l e r a t i o n  d i s -  
c o n t i n u i t i e s  observed .by Hanks(''), 
t ies  which occurred  when t h e  loading  ra te  w a s  i n c r e a s e d  even more and t h e  
bond between t h e  d i s c s  broke  ( s e p a r a t i o n  o c c u r r e d )  A photographic  s t u d y  
max 
F i g u r e  ( 2 4 h )  shows t h e  d i s c o n t i n u i -  
showed t h a t  t h e s e  d i s c o n t i n u i t i e s  o c c u r  when t h e  vapor c a v i t i e s  i n  t h e  
f i l m  c o l l a p s e ,  A p i c t u r e  taken  a f t e r  t h e  c o l l a p s e  of such c a v i t i e s  i s  
shown i n  F i g u r e  (25b1, 
Typica l  c a v i t i e s  are shown i n  F i g u r e  ( 2 5 a j  where W,max = 46 ,2 ,  
* 
7 4  = .006, "ns = ,000125, and 3 = 0.8, For  t h e s e  c o n d i t i o n s ,  t h e  
upper  d i s c  d i d  n o t  c o m p l e t e l y  s e p a r a t e  from t h e  lower one, 
c a t i o n  of t h e  f o r c e ,  bubbles  v i s i b l e  t o  t h e  naked eye remained which 
were presumed t o  c o n t a i n  g a s e s  removed from t h e  l i q u i d .  Experiments 
showed t h a t  f o r  a del? s i n g  i n i t i a l  f i l m  c k n e s s ,  t h e  f o r c e  r e q u i r e d  
t o  i n i t i a t e  t h e  f o r m a t i o n  of c a v i t i e s  i n c  ed.  For T4 f . 0 0 1 h ,  bubble  
growth w a s  r e t a r d e d  even when r e l i i t i v e l y  l a r g e  bubbles  were p r e s e n t  be- 
f o r e  a p p l i c a t i o n  of f o r c e .  F i g u r e  (26)  shows t h e  growth of two l a r g e  
A f t e r  a p p l i e  
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bubbles  (approximate ly  0.1-in,  d i a m e t e r )  which were p laced  n e a r  t h e  ten- 
ter  of  t h e  d i s c  b e f o r e  a p p l i c a t i o n  of  f o r c e ,  The r e s u l t s  of t h e  s t u d y  
to  d e t e r m i n e  t h e  r e l a t i o n s h i p  between t h e  minimum f o r c e  r e q u i r e d  t o  
induce  c a v i t a t i o n  and t h e  i n i t i a l  f i l m  t h i c k n e s s  and v i s c o s i t y  are shown 
i n  F i g u r e  (28). 
The series of p i c t u r e s  shown i n  F i g u r e  (27) were p r i n t e d  from a 
high-speed motion p i c t u r e  f i l m ,  The time e l a p s e d  between each p i c t u r e  
shown is 0,06067 sec.. F i g u r e s  (27a)  through (e )  show t h e  l as t  p o r t i o n  
of  c a v i t y  growtl:. The c a v i t i e s  r e a c h  t h e i r  maximum s i t e  a t  ( e )  and c o l -  
l a p s e  o c c u r s  i n  ( f )  through Cj). Note t h e  f low beginning  i n  ( g )  and 
c o n t i n u i n g  throughout  t h e  remaining p i c t u r e  sequence. The upper  d i s c  
comple te ly  s e p a r a t e d  from t h e  lower one when t h i s  sequence was taken ,  
Upon d e g a s s i n g  by r e p e a t e d  f o r c e  a p p l i c a t i o n  and bubble  removal as 
d e s c r i b e d  i n  EL p r e v i o u s  s e c t i o n ,  i t  was p c v s i b l e  t o  a p p l y  a force g r e a t e r  
than t h e  maximm p o s s i b l e  bonding f o r c e  due t o  p r e s s u r e  w i t h o u t  separa-  
t i o n  of t h e  d i s c s ;  t h a t  is, i f  Fp p dA, and t h e  p r e s s u r e  were 0 p s i a  
h s u t  t h e  f i l m ,  then t h e  maximum v a l u e  of t h e  a p p l i e d  f a r c e ,  Fmax, 
eater t h a n  P,,, yet  no s e p 3 r a t i o n  occurred .  
L 
For t h e  5- in .  d i a m e t e r  
dieesr, Fma,/Fp = $ , O - / ,  
meter d i e c e  were used w i t h  t h e  r e s u l t  t h a t  Fmax /Fp 1 , 7  w i t h o u t  separa-  
t ian ,  I n e r e ~ i s i ~ g  the i n i t i a l  thicknees by incrementa ,  t h e  maximum h,/ro 
reached w i t h o u t  cavi tat ion or  $ e ~ ~ ~ ~ ~ i o n  was v4 = .OQ45,  Beyond t h i s  
To o b t a i n  more convinc ing  r e s u l t s ,  4- in .  d i a -  
thbekneaB, %ha upper dB nough t c r  i n t r o d u c e  u n t r e a t e d  f l u i d  from 
t h e  r@mrvoir i n t o  t h e  film and repeatin the tm-ne. force caused  v i o l e n t  
@@paration* If$ during %ha de a s s i n g  procees, all. bubbles were n o t  re- 
moved which remained after applisation of A force p u l s e ,  v i o l e n t  $@parno 
tien sceurroJ when the next fsrcs p u l s e  was a p p l i e d ,  I t  appeared t h a t  
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f o r  h o / r o 4  " 0 0 2 ,  a much g r e a t e r  f o r c e  t h a n  t h a t  c a p a b l e  of b e i n g  d e l i v e r e d  
w i t h o u t  damage t o  t h e  system c o u l d  have been a p p l i e d  w i t h o u t  s e p a r a t i o n  
o c c u r r i n g  i f  t h e  f l u i d  were degassed .  
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Figure 9. Dimensinnless Force Pulse Applied to Upper Disc. 
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Figure 11, Wr(ve1ocity) Versus Vd (t ime).  
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F i g u r e  13, v b  (acceleration) Versus ?Ea ( t ime) .  
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7, = ko/ro = 0.016 
v = ~uro/m, )&7i j -  = 1.25 x IO+ 
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t i m e  
( a )  Force  (upper  trace!, 40 lb/cm; V e l o c i t y  ( lower  t r a c e ) ,  
1.77 in / sec / cm;  Sweep, .0025 sec/cm. Bond w a s  n o t  broken. 
t i m e  --%= 
1 c m  
( b )  Force  (upper  t r ace ) ,  40 lb/cm; V e l o c i t y  ( lower  t r ace ) ,  
1 .77  in / sec /cm.  Bond w a s  broken.  
F i g u r e  24. O s c i l l o s c o p e  Tr.Aces Showing D i s c o n t i n u i t i e s  of Force  and 
V e l o c i t y  When Vapor C a v i t i e s  C o l l a p s e .  
5 2  
(a )  C l u s t e r  of C a v i t i e s  
(b) Appearance A f t e r  C a v i t i e s  Have Col lapsed  
F i g u r e  25. Photographs  of Vapor C a v i t i e s  
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F i g u r e  26. Growth of Vapor C a v i t i e s  Retarded by Boundaries  
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(a )  
( b )  
( d )  
(e) 
( f )  
( h )  
( i) 
F i g u r e  27. S e r i e s  of P i c t u r e s  from 
(k) 
(m) 
(t) 
High-speed Motion P i c t u r e  Fi lm,  
.00067 sec, e l a p s e d  between each  p i c t u r e  (a) through (SI. 
.00335 sec. e l a p s e d  between (SI and ( t ) .  C a v i t y  growth 
o c c u r s  i n  (a)  through (e), C o l l a p s e  o c c u r s  i n  (f) through 
(j>. Note f l o w  beginning  a t  ( g )  and c o n t i n u i n g  through (t). 
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VI11 e DISCUSS'ION OF RESULTS 
Consider  t h e  motion of t h e  upper  d i s c  i n  F i g u r e  (1) when t h e  f o r c e  
p u l s e  i s  a p p l i e d  t o  i t .  Assuming t h e  f l u i d  to  b e  p e r f e c t l y  incompres- 
s i b l e ,  t h e  d i s c  c o u l d  n o t  move w i t h o u t  l i q u i d  f lowing  i n t o  t h e  space 
between t h e  d i s c s  from t h e  sur rounding  r e s e r v o i r ;  however, a p r e s s u r e  
g r a d i e n t  m u s t  be p r e s e n t  f o r  such flow t o  e x i s t ,  b u t  such  a g r a d i e n t  
c a n n o t  e x i s t  w i t h o u t  movement of  t h e  upper  d i s c .  Thus i t  i s  s e e n  t h a t  
t h e  assumption of i n c o m p r e s s i b i l i t y  i n t r o d u c e s  a c o n t r a d i c t i o n  i n  t h e  
o r d e r  of e v e n t s ,  i .e . ,  no boundary motion w i t h o u t  f low and no f low with-  
o u t  boundary motion, 
To e x p l a i n  t h e  a p p a r e n t  c o n t r a d i c t i o n ,  t h e  c o m p r e s s i b i l i t y  of t h e  
f l u i d  m u g t  be c o n s i d e r e d .  When t h e  impact  load i s  f i r s t  a p p l i e d ,  t h e  
f l u i d  i n  t h e  f i l m  expands e l a s t i c a l l y  and t h e  p r e s s u r e  d r o p s ,  c r e a t i n g  
t h e  g r a d i e n t  n e c e s s a r y  far f l u i d  f low.  Once t h i s  O C C U C S ,  the disc.  b e g i n s  
t o  move c o n t i n u o u s l y  as  t h e  a p p l i e d  f o r c e  i s  c a n t i n u a d ,  I f  t h i s  i s  t r u e ,  
tho p r e s s u r e  d i s t r i b u t i o n  a t  t i m e  % = 0" would be r a d i a l l y  uniform a c r o s s  
t h e  f i l m  u n t i l  t h e  flaw began. A p l o t  o f  t h e  r a d i a l  p r e s s u r e  d i s t r i b u t i o n  
a t  % 
t h a t  t h e  pressure p r o f i l e  becomes more p a r a b o l i c  as vs increases, i r e u ,  
ELI t h e  l i q u i d  f l ( ~ 8  i n t o  the  f i l m  d u r i n g  the b u i l d u p  o f  t h e  a p p l i e d  fo rce ,  
For  largo^ i n i t i a l  qmcing , ,  t h e  profile i s  mare p a r a b o l i c  f o r  a g i v e n  
aa shown by c~mpardnp  Figurea (191 and ( 2 0 1 ,  
ic 
& 
0,2  and a t  la ter  t i m e s  i s  shown i n  F i g u r e s  (19)  and (201, Note 
Er 
The displascment of the upper d i s c  i s  c o n t i n u o u s  aw ahown by Figures 
( 2 2 )  end (15)  when @;sparation Q C G U P ~  by l i q u i d  flawing i n t o  the F i l m  wi th-  
n u t  c av ika t i an ,  g i n c e  viacous and inertia farces compose the resf s t a n c e  
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t o  f l u i d  motion,  i t  i s  as expec ted  t h a t  t h e  motion of t h e  upper  d i s c  
v a r i e s  i n v e r s e l y  w i t h  f l u i d  v i s c o s i t y  as shown i n  F i g u r e s  (151, (161, 
and (171 and d i r e c t l y  w i t h  t h e  i n i t i a l .  f i l m  t h i c k n e s s  as shown i n  Fig- 
u r e s  (101, (111, (121, (161, and (17). The l i n e a r  r e l a t i o n s h i p  between 
d isp lacement  and i n i t i a l  f i l m  t h i c k n e s s  shown i n  F i g u r e  (16)  s u g g e s t s  
t h a t  t h e r e  i s  no d i s c r e t e  v a l u e  of h / r o  by which t o  deFine  a squeeze 
f i l m  i n  terms of r e l a t i v e  t h i c k n e s s ,  and t h a t  d i v e r g e n c e  from squeeze 
f i l m  t h e o r y  based on t h e  assumption h / r o 4 <  1 would b e  g r a d u a l .  
For  t h e  motion j u s t  d e s c r i b e d ,  t h e  s e p a r a t i o n  occurred  by v i r t u e  
* 
of  t h e  l i q u i d  f l o w  i n t o  t h e  f i l m  r e g i o n  from t i m e  3 
true as long as t h e  l o a d i n g  ra te  i s  n o t  s u f f i c k e n t  t o  c a u s e  t h e  l i q u i d  
t o  c a v i t a t e  o r  b e  s u b j e c t e d  t o  t e n s i o n ,  I f  t h e  loading  ra te  i s  s u f f i -  
c i e n t l y  h i g h ,  t h e  l i q u i d  c a n n o t  f low f a s t  enough t o  a l l e v i a t e  t h e  pres -  
sure d e f i c i e n c y ,  
f low may b e  such t h a t  t h e  p r e s s u r e  g r a d i e n t  approaches  a c o n s t a n t  v a l u e  
= O * e  T h i s  i s  
I f  a -ant load i s  a p p l i e d  t o  t h e  boundary,  t h e  
. a s y m p t o t i c a l l y  w i t h  time, However, i f  t h e  l o a d i n g  e i s  g r e a t  ( impul- 
sive, l o a d i n g  as was a p p l i e d  i n  t h e s e  e x p e r i m e n t s ) ,  t h e  r e s i s t a n c e  t o  
f low may b e  enough t h a t  t h e  p r e s s u r e  g r a d i e n t  c o n t i n u e s  t o  i n c r e a s e  
w i t h  time as t h e  load  i s  a p p l i e d ,  I f  c a v i t a t i o n  “ n u c l e i ”  are p r e s e n t ,  
t h e  f l u i d  may c a v i t a t e  when t h e  p r e s s u r e  g e t s  below t h e  vapor p r e s s u r e .  
If t h e  nuc le i  are small enough, t h e  l i q u i d  w i l l  b e  s u b j e c t e d  t o  t e n s i l e  
s t u d y ,  no a p p r e c i a b l e  
(16) re c a v i t a t i o n  o c c u r s a  I n  Hanks 
d i  c e  i n  the  bonding c h a r a c t e r i s t i c s  of t h e  squeeze f i l m  was observed 
when the e n t i r e  a p p a r a t u s  was e n c l o s e d  i n  a vacuum. T’iis i n d i c a t e d  t h a t  
ng fo rce  could  be a t t r i b u t e d  t o  something b e s i d e s  p r e s s u r e  f o r c e ,  
namely that t h e  l i q u i d  c a n  s u p p o r t  a t e n s i l e  l o a d ,  
c t i c a l  a p p l i c a t i o n s ,  i t  mus t  be k e p t  i n  mind t h a t  the condi -  
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t i o n s  which d e t e r m i n e  t h e  o n s e t  of c a v i t a t i o n  i n  t h e  E i l m  form t h e  upper  
l i m i t  of t h e  bonding p r o p e r t y .  When c a v i t a t i o n  o c c u r s ,  t h e  f i l m  " f a i l s " ,  
n o t  c o n t i n u o u s l y  as i n  t h e  s imple  f low case, b u t  by " f r a c t u r e "  of t h e  
f i l m  i t s e l f .  From t h e  r e s u l t s  p r e s e n t e d  c o n c e r n i n g  d e g a s s i n g ,  i t  i s  
p r e d i c t e d  t h a t  when t h e  boundar ies  are s u b j e c t e d  t o  a v i b r a t i n g  load 
(as i n  t h e  s h a k e r i t a b l e  s t u d y  by Hanks) c a v i t i e s  may form and c o l l a p P e  
f o r  s e v e r a l  c y c l e s  b e f o r e  complete  f a i l u r e  o c c u r s .  During a g i v e n  c y c l e ,  
a c a v i t y  mi2y form from a n u c l e u s  and c o l l a p s e  t o  a bubble  l a r g e r  than  
t h e  i n i t i a l  nuc leus  s i n c e  a i r  was drawn from t h e  f l u i d  which d i d  n o t  go 
back i n t o  s o l u t i o n ,  During t h e  n e x t  c y c l e ,  t h e  beginning  of bubble  
growth w i l l  occur  sooner  d u r i n g  t h e  c y c l e  and consequent ly  grow t o  a 
I 
l a r g e r  s i ze  than  i n  t h e  p r e v i o u s  c y c l e .  A d d i t i o n a l  a i . r  i s  drawn from 
t h e  f l u i d  r e s u l t i n g  i n  a bubble  remaining which i s  even l a r g e r  t h u ?  t h e  
one l e f t  at t h e  end a f ' t h e  p r e v i o u s  c y c l e ,  R e p i t i t i o n  of t h i s  p r o c e s s  
f i n a l l y  resul ts  i n  s e p a r a t i o n  by f i l m  f r a c t u r e .  I f  t h e  v e l o c i t y  and 
a c c e l e r a t i o n  o f  t h e  b o u n d a r i e s  are moni t s red  d u r i n g  t h e s e  c y c l e s ,  d i s -  
c o n t i n u i t i e s  such as those observed by Hanks and t h a t  shown i n  F i g u r e  
(24.9) would appear i n  each  ~ y ~ l e  when t h e  c a v i t i e s  c o l l a p s e .  
a m t i a n  occurs i n  the, f i n a l  c y c l e ,  t h e  v e l a c i t y  d i s c o n t i n u i t y  w a u l d  be 
similar ta t h a t  shown i n  F igure  (24b1,  
When sop- 
The d a t a  g i v e n  i n  Figure ( 2 8 )  clear ly  show t h a t  the i n c e p t i o n  of 
c a v i t a t i o n  f s  strongly d e p n d m t  upon the  f i l m  th ickness  when below a n  
n t  c r i t i c a l  virrue ( w , o m ,  POX- 7 ,005, t h e  f o r c e  ~ F ? c ~ s -  
ssry f a r  cav i ta t ion  i n c e p t i o n ,  ~,~ ww8 e g r i t r n t i a l l y  canatant: w i t h  re= 
spect t o  the i n i t i a l  f i l m  th ieknawa and Y I B C Q W ~ ~ Y ,  For ,005, 
incrmses very r a p i d l y  a8 dccmarwsi. " h i s i  sugr:ests t h a t  t h e  gppnrent 
f l u i d  p r q e r f i e s  may change due  t o  tha p r e ~ e n ~ e  of the b a u n d a r l e s ,  
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F i g u r e  (28) a l s o  shows a r e l a t i v e l y  s t r o n g  deperldence of T14upon v i s -  
c o s i t y  f o r  T44 .005. For  small n u c l e i ,  t h e  i n i t i a l  growth i s  r e t a r d e d  
p r i m a r i l y  by v i s c o u s  f o r c e s  ( a c c o r d i n g  t o  B u l l  } o  Hence i t  i s  as ex- 
pec ted  t h a t  T/+ should v a r y  d i r e c t l y  w i t h  v i s c o s i t y .  
19 1 
S i n c e  bubble  growth i s  r e t a r d e d  p r i m a r i l y  by v i s c o u s  f o r c e s ,  and 
i n  t h e s e  exper iments  t h e  f i l m  t h i c k n e s s  h a s  a pronounced e f f e c t  on t h e  
ra te  of growth,  a p o s s i b l e  c o r r e l a t i o n  i s  t h a t  t h e  e f f e c t  of t h e  bound- 
a r ies  f o r  T44 ,005 i s  t o  i n c r e a s e  t h e  a p p e r e n t  v i s c o s i t y  of t h e  l i q u i d .  
T h i s  i s  n o t  t rue f o r  l o a d i n g  rates less t h a n  t h o s e  used i n  t h i s  work, 
b u t  o n l y  f o r  h i g h  l o a d i n g  rates where t h e r e  i s  e s s e n t i a l l y  no f low d u r i n g  
a p p l i c a t i o n  of t h e  load .  
Tire loading  of t h e  4win. d i s c s  t o  Fma,/Fp = 1.7 w i t h o u t  s e p a r a t i o n  
may be e x p l a i n e d  by t h e  phenomenon of l i q u i d  t e n s i o n .  For  a l i q u i d  which 
wets the  b o u n d a r i e s ,  as WELG t h e  cane w i t h  s i l i c o n e  o i l  and P l e x i g l a s ,  t h e  
a d h e s i v e  f o r c e s  are  g r e a t e r  t h a n  t h e  c o h e s i o n  of t h e  l i q u i d ,  
when t h e  l i q u i d  i s  i n  t e n s i o n ,  f a i l u r e  w i l l  n o t  occur  a t  t h e  boundary. I f  
t h e  l i q u i d  were perfect,  i9e.9 no gasas ar s o l i d  i r r g u r l t i e s  p r e s e n t ,  t h e  
l i q u i d  would f a i l  only when the  tens i le  stress wa.s equal  t o  t h e  c o h e s i o n  
o f  tha liquid, Thus the  upper  l i m i t  o f  the  bonding f o rce  f a r  t h e  ' 'no= 
E1.a~" s i t u a t i o n  i s  d i r e c t l y  dcyendant  upon t h e  degree o f  d e g a s s i n g  and 
T h e r e f o r e ,  
r i n g  of t he  l i q u i d  and t h e  c l e a n l i n e s s  and smoothneBs o f  t h e  bound= 
wries;, 
Although the  preseure d i s t r i b u t i o n  for s e p a r a t i o n  by f low i w  such  
that the preasurs i a  alwaya lawest a t  tho center  (see Figures ( 1 9 )  and 
(217?) ,  t h i s  i s  ns t. true ~ Q P  t he  "namf3ow" aituatinn since,  as p r e v i s u s l y  
dLseusmd, i t  -is t he  f l u i d  flow which changes  the i n i t i a l l y  f l a t  profLle 
t o  an8 which mbles a pasabala, Only when WBI compara t ive ly  l a r g e  
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(approximate ly  0,008) d i d  t h e  bubble  growth b e g i n  and c o n t i n u e  r a d i a l l y  
from TI, = 0. 
Classical bubble  growth t h e o r y  i s  n o t  a p p l i c a b l e  t o  t h e  c a v i t a t i o n  
phenomena observed i n  t h e s e  exper iments  simce, clue t o  t h e  presence  of 
t h e  b o u n d a r i e s ,  t h e  c a v i t y  i s  n o t  s p h e r i c a l  as most a n a l y s e s  assume. 
Fur thermore ,  t h e  boundary of e a c h  c a v i t y  i s  n o t  smoothly c i r c u l a r ,  b u t  
h a s  t h e  appearance  of f o l d s  as shown i n  F i g u r e  ( 2 5 a ) .  S i n c e  t h e s e  f o l d s  
become less pronaunced f o r  t h i c k e r  f i l m s ,  i t  seems probable  t h a t  they 
are caused by s u r f a c e  i r r e g u l a r i t i e s  of  t h e  boundaries , ,  As a c a v i t y  
grows, i t s  boundary s e e k s  t h e  p,-tth of least r e s i s t a n c e ,  which f o r  very  
t h i n  E l l m s  ( 7 4 4  ,0016) r e s u l t s  i n  t h e  growth p a t t e r n  shown i n  F i g u r e  
(261 ,  As t h e  c a v i t i e s  grow, t h e y  do n o t  cvalesce, b u t  e a c h  c a v i t y  bound- 
a r y  l i n t e r f e r e s  w i t h  i t s  n e i g h b o r ' s  growth, Wlmn several c a v i t i e s  begin  
t o  grow s i m u l t a n e o u s l y ,  t h e  outermost  boundary of t h e  c lus t e r  t r a v e l s  
outward symmetr ica l ly  a h u u t  t h e  d i s c  c e n t e r  as shown by t h e  series of 
movie frames I n  F igure  (27 Ip  Xn a l l  c m e ~  observed i n  t h e  exper iments ,  
t h i s  ou te r  bsuntlary never miached the e-lge o f  the- d i s c  ( TI, = 1 l e  A t  
= 3 / 4 ,  the growth s topped ,  and the  c a v i t i e s  c o l l a p s e d  t o  t h e  d i s c  
cen te r ,  Dur ing  collapse, l i q u i d  sur rounding  t h e  d i s c s  f 1o.aed i n t o  t h e  
f i l m  ragion and eeparation occurr@d. No flow i n t o  t h e  E i l m  was obsarved 
d u r i n g  growth 0% the c a v i t i e s ,  The time elapsed d u r i n g  growth and co la  
lapse was appmsirnately Q,OQ8 m x a 9  approximate ly  Q , &  o f  the  dura- 
i ne r t i a  OF ml akown i n  F igure  (231 indicatos excal lant  agreement from 
?= Q t o  = Q , 3 5  and divergence far: a l l  t i m a  t hemaf t e r ,  Poasible  
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e r r o r  i n  t h e  measurement of a c c e l e r a t i o n  cou ld  be  s u f f i c i e n t  t o  c a u s e  t h i s  
d ive rgence .  However, i f  t h e  p l a t e  weight and i n e r t i a  computed on t h e  
basis of t h e  a c c e l e r a t i o n  i s  added t o  t h e  i n t e g r a t e d  p r e s s u r e  a t  any 
t i m e ,  t h e  c a l c u l a t e d  f o r c e  checks  w i t h i n  10% of t h a t  measured. F u r t h e r -  
more, t h e  comparison of t h e  i n t e g r a t e d  a c c e l e r a t i o n  and v e l o c i t y  a t  a 
g iven  t i m e  check w i t h i n  5%. 
a n d  i n e r t i a  of rn are c o r r e c t  and t h a t  t h e  d ive rgence  of t h e  c a l c u l a t e d  
and measured f o r c e s  ( t h e o r e t i c a l  and expe r imen ta l  v a l u e s )  when Ta > .35 
Thus i t  a p p e a r s  t h a t  t h e  computed weight  
1 
Y 
i s  a resu l t  of inadequacy  of e q u a t i o n  (20) .  
The d i v e r g e n c e  of t h e o r e t i c a l  and expe r imen ta l  v a l u e s  of f o r c e  
a p p e a r s  t o  be r e l a t e d  t o  t h e  a c c e l e r a t i o n  of t h e  boundary. I f  a time 
I .3r 
i s  chosen  a f t e r  = ,35, s a y  Ta=  .60, and t h e  d i f f e r e n c e  between 
t h e  c a l c u l a t e d  and measured force i s  a l l e v i a t e d  by u s i n g  ( F  - Fb) and 
1 t h e  a c c e l e r a t i o n  t o  compute a "corrected" valtie of m i ,  t h i s  v a l u e  of m 
USE?$ to compute the  f o r c e  a t  o t h e r  times3 g i v e s  a g r e m e n t  w i t h  t h e  meas- 
ured  v a l u e  w i t h i n  IO%, This  computed ml was approx ima te ly  twice t h e  
actual val.ue, 
Siraco it w a ~  shown t h a t  the d i v e r g e n c e  i s  a s s o c i a t e d  w i t h  t h e  disc  
accelars t ion,  t h i s  implies t h a t  the terms af e q u a t i o n  320)  which accoun t  
Ear f l u i d  iner t ia  do  nat campletsly describe the ac tua l .  p h y s i c a l  s i t u a m  
t i o n ,  Thtz f i r s t  term o f  t h e  e q u a t i o n  aecaunts fo r  the viscous p a r t  BE 
thB bondbnp s t r eng th ,  and the  awn of the  remaining t e ~ m a  account: Far t h e  
f l u i d  inertia c o n t r i b u t i o n  t o  tha bsnding a t r eng th .  The rat io  o f  t h e  
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v a l u e  of  xawas n o t  t h e  same a t  Fa = 0.35 fo r  d i f f e r e n t  T4 and Ts cornp 
b i n a t i o n s ,  b u t  ranged from 0.1 t o  2.5 which i s  as wide as i t s  range. from 
' *  gc 
n a  = 0 to  "rr, = 1 f o r  some d a t a .  Hence t h e  d i v e r g e n c e  i s  n o t  dependent  
upon t h e  Reynolds number. S i n c e  R e  i s  of t h e  o r d e r  of one ,  i t  i s  obvious 
t h a t  under  dynamic l o a d i n g ,  t h e  f l u i d  i n e r t i a  c e r t a i n l y  c a n n o t  b e  n e g l e c t e d .  
The range of R e  i n  t h e s e  exper iments  w a s  n o t  wide enough t o  e s t a b l i s h  
c r i t e r i a  as t o  when t h e  i n e r t i a  should o r  should n o t  be c o n s i d e r e d .  
The Reynolds number be ing  of t h e  o r d e r  of one poses  problems from 
t h e  mathematical  s t a n d p o i n t  because  t h e  series from which e q u a t i o n  (20) 
i s  t a k e n  do n o t  r a p i d l y  converge  and i n  some cases may d i v e r g e ,  The 
computed r a t i o  of t h e  magnitude of t h e  i n d i v i d u a l  terms t o  t h e  t o t a l  
bonding s t r e n g t h  g i v e n  by e q u a t i o n  (20) shows a c o r r e l a t i o n  between t h e  
b e h a v i o r  o f  the equation and t h e  d i f f e r e n c e  of  t h e  computed and measured 
forces f o r  Ta2.35, F i g u r e  (29) shows terms 1, 2, 4 ,  5, and 6 as frac- 
M 
t i o n s  ~f the total  banding s t ~ ~ ~ i g t h ,  The. r e l a t i v e  magnitude of term 
3 i e  omitted ~ i n c e  i t  i o  approximately e q u a l  ta t h a t  o f  term 6 (small 
compared t a  t he  p r w @ d i n g  terms). This graph I s  t y p i c a l  a f  a l l  t h e  d a t a  
callritctad, Note t h a t  the  r e l a t i v e  magnitude o f  t h e  f i r s t  term i s  essen- 
t i a l l y  c s n a t a n t  (range af only  O,%Q o v e r  a l l  t h e  d a t a ) ,  By comparison 
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t h e  r e l a t i v e  magnitude of term 1. Using t h i s  new v a l u e ,  t h e  computed 
and measured v a l u e s  of agree w i t h i n  10% th roughout  t h e  d u r a t i o n  of 
t h e  f a r c e  p u l s e ,  
From a p h y s i c a l  s t a n d p o i n t ,  i t  seems u n l i k e l y  t h a t  t h e  v i s c o u s  
r e s i s t a n c e  t o  f l u i d  motion would a lways  be t h e  same f r a c t i o n  of t h e  
t o t a l  bonding s t r e n g t h .  No p h y s i c a l  b a s i s  i s  o f f e r e d  f o r  t h e  ag ree -  
m e n t  ach ieved  when t h e  e x t r a p o l a t e d  v a l u e  of t h e  v i s c o u s  term is used ,  
However, t h e  ahsve  d i s c u s s i o n  i m p l i e s  t h a t  i t  i s  t h e  v i s c o u s  te rm,  no t  
t h e  i n e r t i a  t e r m s , t h a t  i s  r e s p a n s i b e  f o r  t h e  f a i l u r e  o f  t h e  f o r c e  c a l -  
c u l a t e d  u s i n g  e q u a t i o n  (20) t o  a g r e e  w i t h  t h e  measured f o r c e .  
A 1 1  of t h e  p r e v i o u s  d i s c u s s i o n  of boundary motion and t h e o r e t i c a l  
comparison w i t h  expe r imen ta l  r e s u l t s  h a s  been f o r  77'42.008 s i n c e  f o r  
vd 4 ,008, the v e l o c i t y  of the upper  d i s c  was below t h e  range c a p a b l e  
o f  being m a w r e d  by the. v e l o c i t y  t r a n s d u c e r ,  The d a t a  i n d i c a t e  a 
marked n o n l i n e a r  b e h a v i o r  f o r  V&4,008, Far  example, Fi'gure (16)  
ahaws a l inear  varlatian betweein diepaacsment and i n i t i a l  spac ing  f o r  
"Ir, 3 ,008, k o w e v ~ r ,  i t  seams t h a t  as 74 approaches  w r o ,  d i sp lacemen t  
should a s y m p t o t i c a l l y  approach  zero i n  a mu.irler somedvhat l ike  t h a t  shown 
by the q u e s t i o n a b l e  data nhown by t!w dashed c u r v e s .  'Hn F i g u r e  (211, 
the  presoum diff@renc@ dwmaaas  a8 ?@ d e c r e a s e s  f o r  v a l u e s  af T4& 
,008, The writer m g g m t & ~  that f u r t h e r  study o f  the  squeeze f i l m  i n  
L , Q Q 8  would be dE?$irahLe* 
I X .  CONCLUSIONS 
The s t u d y  r e p o r t e d  h e r e i n  c o n c e r n s  t h e  f low c h a r x t e r i s t i c s  of a 
l i q u i d  squeeze f i l m  s i t u a t e d  between Rlane ,  p a r a l l e l ,  c i r c u l a r  d i s c s  
as shown i n  F i g u r e  (1). These d i s c s  were f i v e  i n c h e s  i n  diameter (ro r: 
2.5-in.) .  
sec. was a p p l i e d  t o  t h e  upper  d i s c  i n  a normal d i r e c t i o n  away from t h e  
f i x e d ,  lower d i s c .  The mass of t h e  upper  d i s c  assembly was 1.39 s l u g s .  
Measurement of t h e  motion ( a c c e l e r a t i o n ,  v e l o c i t y ,  and d i s p l a c e m e n t )  of 
t h e  up3er  d i s c ,  t h e  f l u i d  p r e s s u r e  i n  t h e  r e g i o n  between t h e  d i s c s ,  and 
photographic  s t u d i e s  of t h e  l i q u i d  between t h e  d i s c s  d u r i n g  t h e  a p p l i c a -  
An i m p u l s i v e  f o r c e  p u l s e  o f  d u r a t i o n ,  T ,  of t h e  o r d e r  of LOm2 
t i o n  af  the, f o r c e  p u l s e  h a s  r e s u l t e d  i n  the f o l l a w i n g  c o n c l u s i o n s :  
L e  Pre$sur% msssuremants o f  approximate ly  8 psia ,  and photographic  
8tudie.s showing the growth and collapse o f  c a v i t i e s  i n  the  squeeze f i l m  
have shown t h a t  when an gmpu~Bive load (T approximately 1 0 ~ ~  s e e ,  i n  
these exparimentg)  i~ appl i ed  t o  t he  upper d i s c ,  cavitation may QCCUT.  
6% 
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a1 though t h e y  may b e  c lose-packed.  
4 .  For a g i v e n  load  d u r a t i o n  (0.02 sec. i n  t h e s e  e x p e r i m e n t s ) ,  t h e  
maximum magnitude,  Fmx, of t h e  f o r c e  p u l s e  n e c e s s a r y  t o  induce  c a v i t a -  
t i o n  v a r i e s  d i r e c t l y  w i t h  t h e  v i s c o s i t y  of t h e  l i q u i d  i n  t h e  squeeze f i l m  
and i n v e r s e l y  w i t h  t h e  t h i c k n e s s  of t h e  squeeze f i l m .  The minimum v a l u e  
of F,, s u f f i c i e n t  t o  induce c a v i t a t i o n  i n  t h e s e  exper iments  was approxi -  
mate ly  200 lb .  when t h e  i n i t i a l  f i l m  t h i c k n e s s ,  h,, was approximate ly  
0.007-in.  and t h e  l i q u i d  v i s c o s i t y  was low3 s l u g / f t - s e c .  
C,, 
zero, a l l  o t h e r  v a r i a b l e s  b e i n g  h e l d  c o n s t a n t .  
The v a l u e  of 
s u f f i c i e n t :  t o  i n d u c e  c a v i t a t i o n  r a p i d l y  i n c r e a s e s  as ho approaches  
5 .  Higbspaed motion p i c t u r e  s t u d i e s  (3000 p i c t u r e s  p e r  second)  and 
measurement o f  t h e  motion of t h e  upper d i s c  have shown t h a t  when an  
i m p u l s i v e  farce pulse s u f f i c i e n t  to induce  c a v i t a t i o n  i a  a p p l i e d  t o  t h e  
upper d i s c ,  t h e  d i s c  remains e s s e n t i a l l y  s t a t i o n a r y  and no l i q u i d  f law 
i n t o  the  region between t he  discts o c c u m  u n t i l  t h e  c a v i t i e s  b e g i n  t o  
c o l l ~ ~ p m ~  When t h e  c a v i t i e s  c a l l a p s e ,  t he  banding e f r e c t  of t h e  squeeze 
film i s  d68treyd. (That  i s 2  t h e  upper  d i s c  moves a b r u p t l y  and l i q u i d  
flows i n t o  the  f i l m  r ~ g i o p l ~ l  
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7 .  The assumpt ions  of a s p h e r i c a l  bubble  i n  a n  i n g i n i t e  f l u i d  
which are made i n  t h e  developement of classical bubble-growth t h e o r y  
r e n d e r  i t  i n v a l i d  f o r  a p p l i c a t i o n  t o  t h e  growth of t h e  c a v i t i e s  i n  t h e  
squeeze f i l m .  
I i  
B. Motion of t h e  Boundary. ( a c c e l e r a t i o n ,  v e l o c i t y ,  and d i s p l a c e m e n t  
of t h e  upper  d i s c  d u r i n g  a p p l i c a t i o n  of  t h e  force p u l s e ) .  
The motion of t h e  upper  d i s c  i s  i n d i c a t i v e  of  t h e  bonding s t r e n g t h  
of t h e  squeeze f i l m .  The d a t a  have shown t h e  f o l l o w i n g :  
1, The motion of t h e  upper  d i s c  d u r i n g  a p p l i c a t i o n  of a f o r c e  
p u l s e  which i s  n o t  s u f f i c i e n t  t o  induce  c a v i t a t i o n  i s  c o n t i n u o u s  w i t h  
time. The banding s t r e n g t h  v a r i e s  c o n t i n u o u s l y  as t h e  f i l m  t h i c k n e s s  
(displacemerit of t h e  upper  d i s c )  increases d u r i n g  which time l i q u i d  
f l a w s  i n t o  the  r e g i ~ n  batwean t h e  d i s c s ,  
2 .  The mat ion  a f  t he  uppe r  disc  d u r i n g  application of a f o r c e  p u l s e  
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f i l m  t h i c k n e s s ,  t h u s  a g r e e i n g  w i t h  C o l c l a ~ u r e ' s ( ~ ~ )  r e s u l t s .  
4 ,  C o n s i d e r a t i o n  of t h e  i n i t i a t i o n  of f l u i d  f low i n t o  t h e  r e g i o n  
between t h e  d i s c s  s u g g e s t s  t h a t  t h e  c o m p r e s s i b i l i t y  of t h e  l i q u i d  con- 
pos ing  t h e  squeeze  f i l m  may b e  a v a r i a b l e  which should be c o n s i d e r e d  
when t h e  boundar i e s  of t h e  f i l m  are s u b j e c t e d  t o  impuls ive  loads.  
C. Comparison of Experimgntal  R e s u l t s  w i t h  T h e o r e t i c a l  P r e d i c t i o n s .  
'Rie d a t u  d e s c r i b i n g  t h e  motion of t h e  boundary was s u b s t i t u t e d  i n t o  
e q u a t i o n  (LO) which was developed by I s h i z a w a ( 1 4 ) .  
d i c t s  the bondin s t r e n g t h  s f  a l i q u i d  squeeze  f i l m  whose boundar i e s  
are moving c o n t i n u o u s l y  and a r b i t r a r i l y  w i t h  t i m e .  
o f  ita terms t h e  expreeision f a r  t h e  bonding s t r e n g t h  which r e s u l t s  from 
Reynolds ' ( ' )  analysis which n e g l e c t s  the e f f e c t  o f  f l u i d  i n e r t i a .  
rem&.nf~g terms o f  the e q u a t i o n  accoun t  f a r  t h e  f l u i d  i n e r t i a ,  
cu1at;bons when cornparod t o  t h e  measured force have shown the fo l lowing :  
Th i s  e q u a t i o n  pre-  
I t  i n c l u d e s  as one 
The 
The calm 
1. When the boundaries o f  a l i q u i d  squeeze f i l m  are  s u b j e c t e d  t o  
impulsive loads (T approximat: ly IC!"* s e e .  i n  these expe r imen t s )  t h 5  
E l u i d  i n e r t i a  eanmt  be neglected.  
the i n a r t l a  ta v i ~ c s u ~  % o r c ~ ~  wet8 o f  the  order -a%-msgni tuda  a f  one. 
a n  these expe r imen t s ,  t h e  r a t i o  of 
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D .  P r e s s u r e  Data. 
Measurement of t h e  p r e s s u r e  a t  d i f f e r e n t  r a d i i  t o  g i v e  a radial 
p r e s s u r e  d i s t r i b u t i o n  h a s  shown t h e  f o l l o w i n g :  
1. The p r o f i l e  i s  i n  g e n e r a l  f l a t te r  i n  t h e  r e g i o n  r/ro 1/2 
(1 )  t h a n  t h e  p a r a b o l i c  d i s t r i b u t i o n  p r e d i c t e d  by t h e o r y  based on Reynolds '  
a n a l y s i s  which n e g l e c t s  t h e  e f f e c t s  of f l u i d  i n e r t i a .  
2 ,  When t h e  fo rce  p u l s e  i s  n o t  s u f f i c i e n t  t o  c a u s e  c a v i t a t i o n ,  t h e  
bonding s t r e n g t h  i s  due t o  p r e s s u r e  o n l y .  
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I INTRODUCTION 
Liquid squeeze film is the designation commonly given to a liquid 
film located between two nearly parallel  plane surfaces in relative norrr\oJ 
motion which a r e  always closely spaced compared t o  the dimensions 
describing the a r e a  of the two like surfaces. The fluid movement 
which results f rom the approach or  separation of the surfaces is 
called "squeezing flow". If the surfaces a r e  in relative oscillatory 
motion, the fluid will dissipate energy and tend to  damp the motion. 
If the squeezing motion is slow enough that the fluid inertia can be 
neglected, then the resulting f h i d  flow conforms to Reynolds ( 1 )  theory. 
However, most vibration problems a r e  inherently of a dynamic nature 
s o  one would not expect the Reynolds theory to  be valid in oscillatory 
squeezing flows except in flow resulting f r o m  very s low oscillations. 
A literature search  has shown that little is known about the damping 
characteristics of a liquid squeeze film under dynamic conditions. 
was suggested by Sommer (2)  that a liquid squeeze film might se rve  
well as a damping agent in practical problems in which high damping 
is required and the space for damping is limited, He pointed out that 
the nonlinear effects of licjuid squeeze film damping under oscillating 
motion must be taken into consideration since squeeze film damping 
i s  nonlinear even when the Reynolds theory is used. 
of the nonlinear te rms  in the liquid squeeze film equations was 
It 
The importance 
- 1 -  
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mentioned previously by Jackson (3) ,  but he did not discuss it in detail. 
Jackson, a s  well as Kuzma (4) and Ishizawa (5), obtained approximate 
solutions to  the equations including the nonlinear t e rms  in squeezing 
flow motion; however, they did not focus their  attention on the liquid 
squeeze film damping characterist ics and no experiments were per- 
formed to  verify their  work. 
The research  reported herein is concerned with the experimental 
investigation of the damping characterist ics of a liquid squeeze film 
under oscillating dynamic conditions. 
ter is t ics  vary with viscosity, mean film thickness , amplitude, and 
frequency under f ree  vibration of a single-degree-of-freedom? 
much does the solution t o  the linearized differential equation differ 
f rom that of the nonlinear differential equation, and f rom actual ex- 
perimental data? In order  to  answer these questions, computer so- 
lutions to  the nonlinear differential equations of motion were obtained 
and experimental data were taken in the frequency range of f rom 3 to 
12 cycles per second. 
How does the damping charac- 
How 
I1 THEORETICAL CONSIDERATIONS 
A simplified diagram of the 
c i r cu la r 
liquid squeeze film sys tem is 
shown in Figure 1, ho is the 
initial spacing between the plates , 
h(t) is the gap width as a function 
of t ime and x(t) is the displace- 
ment of the upper plate a s  a 
r 
Fig. 1. Reference Diagram 
function of t ime such that h(t) = ho - x(t). The velocity of the fluid in 
the %direction is zero  because the problem is axisymmetric for the 
cylindrical coordinates withAmotion to induce a swir l  velocity. The 
no 
Navier-Stokes equations for the liquid squeeze film in which the fluid 
inertia can be neglected reduce t o  
and 
The continuity equation in cy l inu ica l  coordinates simplifies to  
1. p = pd - ps where p is the total  pressure,  pd is the dynamic 
pressure,  and ps is the static pressure.  
- 3 -  
-4- 
Reynolds (1) assumed that 
(4) 
for quasi-static squeeze film motion. 
The pressure  field of the liquid squeeze film is obtained by inte- 
grating equations (1) and (2) along with equation (4) and the appropriate 
boundary conditions e The resulting pressure i s  given by 
where p 
the upper plate, and p is  the viscosity of the liquid. 
is the dynamic pressure,  V = -  dh is the normal velocity of 
d d t  
The damping coefficient in general is  defined as  
D = - ,  F 
V 
where the force F acting on the plate is given by integrating equation 
(5) over the surface of the top plate. 
for the circular surfaces of radius ro corresponding t o  a squeeze 
film in which the fluid inertia is neglected may be expressed as  
Thus the damping coefficient 
4 
3~ P ro 
D =  
2 h3 
(7 )  
The governing differential equation which describes the single- 
degree-of-freedom motion xf t ) of a spring-mass system with damping 
is 
- 5- 
d2x dx m- t D- t kx = 0 ,  
d t2 d t  
where m is the mass  of the vibrating plate (upper ), D represents the 
damping coefficient, and k is the spring modulus Substituting (7)  
into (8) gives 
4 
3 . r r p r o  dx 
m- d x  t 3 = + k x = O ,  
2 
d t 2  2(h0- x) 
(9) 
where (ho - x) = h Even though the damping factor is based on the 
Reynolds theory, (9) is  nonlinear since the damping coefficient is a 
function of the displacement x fo r  a given p , ho, and ro. 
i f  x is small  compared t o  ho ( i .  e . ,  h = h o ) ,  then D is approximately 
constant. Taking D to be constant the equation becomes 
However, 
4 
+ k x = O .  d2x 3 . r r p r ~ d x  - 
d t2 2h: d t  
m- t 
The general solution t o  (10) i s  given by 
- -  D t  
2m 
x(t) = 
4m 
o r  
D -t 2m 
I t +  a 1  Y x(t)  = x [s in(  
- 6- 
The sate of decay of the oscillating motion given by (10) is commonly 
expressed mathmatically by means of the logarithmic decrement 6 ; 
6 is defined a s  
- Santl  
- ‘;antl(tl tz 
1 ) = In( X1 6 = In(-) = In( e- 5 an% 
x2 e 
or  6 = ‘;an 
X 
t 
Figure 2. Damped Oscillating Motion 
D where ‘; = -  
DC 
Y 
ZIT 
and z =  (15) 
xl, x i ,  and a r e  defined in Figure 2 ,  Dc represents the cri t ical  
- 7 -  
damping coefficient and wn is the natural circular frequency of the 
spring-mass system. Substituting equation ( 1 3 )  and (15) into (12) ,  6 
may be expressed as  
mk 1 
D2 4 
-- -  
This expression fo r  the logarithmic decrement was used to calculate 
a theoretical value for the damped spring-mass oscillation. 
For experimental data, it is  common to  use an average logarithmic 
decrement to  evaluate the actual damped motion which is expressed by 
1 9  
1 xn 6 = - In( 
N X n t N  
where xn isihe amplitude of an oscillating motion of cycle n, + + N  
is the amplitude of cycle n t N where N is the number of cycles be- 
tween cycle n and cycle n t N .  
The energy losses attributed to the spring-mass system alone such 
as  internal energy dissipation, joint losses of the spring system, and the 
external losses were subtracted from the total measured decrement 
s o  that a value could be obtained representing the energy dissipation 
in the squeezing film alone. 
as 
The resulting decrement is expressed 
&L 6 = 6 T  - 
where 6 represents the actual logarithmic decrement, 
-8- 
6T represents total logarithmic decrement, 
6L represents the logarithmic decrement of system due 
to energy losses without a liquid film. 
Thus data were f i r s t  taken with a liquid squeeze film and then without 
it in order to get the logarithmic decrement 6~ and 6~ respectively. 
These logarithmic decrements were evaluated using equation (17) for 
N = 3 and the actual squeeze film logarithmic decrement was obtained 
by equation (18). 
The computer solution of equation (9)  was accomplished by means 
of a finite difference method based on Taylor 's  se r ies  expansion using 
a time increment of 0.001 second ( see  Appendix), An inertia t e r m  
which represents the inertia force acting on the plate given by Jackson 
(3), Kuzma (4), and Ishizawa (5) was added to the basic differential 
equation (9 )  in order to  take into account the inertia effect of squeezing 
flow under the oscillatory dynamic condition. The squeeze film force 
F given by Jackson (3) is 
4 2  
4 
'*pro dh -- ' w r O  d h )  for but the They derived the same te rms  ( 
2h3 dt ' 20h d t2  
4 
*pro dh 2 coefficient is different fo r  the t e r m  involving -( - ) 
h2 d t  
for each 
solution. (Is hizawa ' s  solution has additional te rms  e ) Neglecting 
- 9- 
the velocity square t e r m  in equation (19), the differential equation with 
the additional t e r m  becomes 
Equation (20) was solved on the computer by means of the same finite 
difference techqnique used to  obtain a solution to  equation (9). 
111 EXPERIMENTAL APPARATUS AND EQUIPMENT 
A simplified diagram of the apparatus and a photograph of the 
sys tem a r e  shown in Figures 3 and 4, respectively. Figure 5 is a 
close-up photograph of the spring-mass sys tem and Figure 6 is a 
picture of the plates and reservoir .  
two circular  Plexiglas plates which were 0. 88 in. in thickness and 
3.5 in, in diameter. The surfaces in direct  contact with the liquid 
were the original surfaces of the Plexiglas plates (roughness = 2 p 
in. r. m. s. ) e  The upper plate was attached to  a one inch diameter 
ball bushing shaft which was mounted vertically and guided by two low 
friction ball bushings (1 in. in diameter). These bushings were in- 
stalled in a s tee l  housing which was 3.  0 in. in outside diameter and 
5.5 in. in length. The housing was fixed t o  four rods 1 in. in  diameter 
and 3 ft .  in length and were mounted vertically on the s teel  base plate 
(1 ft. by 2 f t .  by 0.75 in. ). 
2.75 in. was made of c lear  Plexiglas for visualization and its bottom 
surfaces were machine finished. Once the system was adjusted, the 
two plates were parallel  to within 0.0005 inch over the surfaces. 
A liquid film was placed between 
The reservoir  which was 7.5 by 7.5 by 
The experimental investigation of the damping characterist ics of 
a liquid squeeze film was conducted with two different cri t ical  damping 8 
coefficient (Dc = 2.00 and 4. 88 lb-sec/in) of the spring-mass system 
in order  t o  obtain the desired range of frequencies. The crit ical  
- 10- 
-11- 
damping coefficient of 4.88 lb-sec/in was arbi t rar i ly  used to  study 
the effect of the initial plate spacing (separation distance), the viscosi- 
ty, and the vibration amplitude on the damping characterist ics of a 
liquid squeeze film. The spring modulus of 46.2 lb/in was obtained 
by using s ix  extension springs (each spring modulus =: 7. 8 lb/in). 
Circular s teel  plates (7 in. in diameter, 0.25 in. in thickness) were 
used to  acquire the desired mass of 0.129 lb-sec2/in. 
Figure 5. ) 
(Refer to  
The cr i t ical  damping coefficient of 2.00 lb-sec/in was used to in- 
vestigate the frequency effect of damping characterist ics.  Four dif- 
ferent frequencies ( 3 ,  5, 8, and 12 cycles per  second) of oscillatory 
motion were generated by changing the ratio of the mass and spring 
modulus holding Dc ( 2 G )  constant. (Refer  to  'Chapter V I  (D) for the 
detail. ) Three different spring modulus (k 
of extension springs were used to  attain the desired spring modulus 
for the spring-mass system, The mass m was also changed in order  
to obtain a desired frequency. (See Chapter V Table 11. ) The springs 
2. 0, 3 .  0, and 7. 8 lb/in) 
were attached in an axisymmetric manner between two circular  plates. 
The lower plate was bolted at the top of the shaft and the upper plate 
was fixed t o  the spacing adjustment apparatus. This adjustment was 
used to  move the spring-mass system vertically in order to set the 
initial spacing ho . The spacing ho was measured by using adjustable 
spacers located between the bottom of the circular mass plate and the 
- 12- 
s tee l  plate attached to  the housing. (Refer  to  Figure 3. ) The spacers  
were preset  by micrometer measurement. 
A piezoelectric accelerometer was attached to the upper plate and 
a displacement transducer was mounted above the mass -plate (see 
Figure 3);  these transducers were used to  measure respectively the 
acceleration and the displacement of the upper plate. The output 
signals from the transducers were fed into the amplifiers and recorded 
by the two channel Beckman s t r ip  chart  recorder  shown in Figure 4. 
The liquids used in the experiments were silicon oils. Silicon oils 
were chosen because they a r e  nearly colorless and their  viscosity 
variation with the small temperature changes observed in the laboratory 
is negligible. 
used were 30, 50, 70, 100, 120, and 150 centi-poise. The value of 
The different values of viscosities of the silicon oils 
the viscosity of a given oil was measured with a rotating cylinder type 
Fann viscometer ( Model 35s ). 
- 13-  
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Figure 3 .  Diagram of Apparatus 
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Figure 5. Spring-Mass System 
Figure 6. Plates and Reservoir 
IV PROCEDURE 
Silicon oils in  the viscosity range of f rom 30 to  150 centi-poise 
were used in the experiments. 
stant because the temperature variation was less than 2 F in the la- 
boratory and the short  duration of f ree  oscillating motion did not cause 
any significant temperature change in the liquids, A silicon oil with 
the desired viscosity was added to the reservoir  until it extended 1 /4  
in. (in all the experiments) above the bottom surface of the upper plate; 
no significant change in damping was noted upon varying this from 
3/16 to  3 / 8  in. 
liquids during the oscillating motion. Fine threaded adjustable screws 
were placed at the corner of the base plate s o  that the system could be 
leveled by means of a circular level (see Figure 3). 
was mounted on the base s tee l  plate and two plates were carefully 
adjusted to obtain parallelism and coinciding axes of the two plates. 
The viscosity was assumed to  be con- 
0 
The upper plate always remained submerged in the 
The reservoir  
The initial spacing ho was obtained by using a spacer whose thick- 
ness was determined by means of a micrometer.  
placed between the moving and stationary plate. 
system was then positioned by the spacing adjustment screw at the top 
of the apparatus; this was the equilibrium position for  the spring-mass 
system having the initial spacing ho, The spacer  used for determining 
ho was removed and replaced by another preset  spacer (h l )  used to 
The spacer  was 
The spring-mass 
- 16- 
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obtain an initial displacement XI . The initial displacement (XI = ho - 
hl ) was given by pulling the mass-plates down until the plate contacted 
this spacer ;  the mass-plates were then abruptly released in order  to  
s t a r t  f r ee  oscillating motion. 
the oscillating plate were measured by means of electronic transducers 
and a s t r ip  char t  recorder .  
The acceleration and displacement of 
The extension springs were adjusted to obtain the same initial ten- 
The spring constant was measured by measuring sion in each spring. 
the system displacement due to a known weight with a micrometer.  
The following two different combinations of springs were used to  obtain 
different frequencies of f ree  oscillating motion: (a) the mass -plate 
(weight) was attached under the extension springs a s  shown in Figure 
7(a), when the ratio (w/k) of theweight of the mass to  the spring con- 
stant was close to  1, i. e. s i f  the springs were initially extended ap- 
proxirnatelly 1 in. then f ree  oscillatory motion could be obtained if a 
displacement is given to the spring-mass system and (b) the mass-  
plate was attached between the upper extension springs applying initial 
tension when the rat0 (w/k) was small. When the ratio (w/k) is small, 
the springs could not be initially extended so  that free oscillation could 
not be s tar ted even i f  an initial displacement were given to the system. 
Therefore the initial tension was given to the springs in order  to attain 
a t  least  0,5 in, displacement fo r  the spring-mass system. The simple 
diagram of case (a) and (b) a r e  shown in Figure 7. 
-18- 
( a )  ( b )  
Figure 7. Combination of Springs 
V RESULTS 
The damping characterist ics of the liquid squeeze film depend on 
the mass m and the spring modulus k of the system, spacing ho , initial 
displacement XI,  plate radius ro 
and viscosity pe The logarithmic decrement ( 6 ), which describes the 
damping, was chosen to be the dependent variable and it depends upon 
the spacing ho , viscosity p, initial displacement XI,  and frequency. 
The data were presented graphically in Figures 10  through 18. Fig- 
ures  1 0  to  13 and Figures 14 t o  16 show 6 vs. ho and respectively. 
6 vs. XI and 6 vs, frequency a r e  presented in Figures 17 and 18 r e -  
spectively. 
ference solution of each of the nonlinear differenti$ equation (9) and 
(20) and from the solution (using equation (16)) of the linearized dif- 
The logarithmic decrements evaluated f rom a finite dif- 
- ( L  
ferential equation a r e  presented in each graph. The value of the prop- 
ert ies of the silicon oils and the physical constants of the sys tem a r e  
listed in Tables I and I1 respectively. Figure 9 is presented to show 
samples of the recorded displacement history of the oscillating motion 
of the plate taken with the s t r ip  char t  recorder.  
The experimental logarithmic decrement 6 was evaluated by using 
the recorded displacement curve by means of equation (17) for N = 3.  
When the duration of oscillating motion was shorter  than 3 cycles, N 
-19- 
-20- 
was chosen less than 3 ( such  conditions were obtained with large 
viscosity liquid and close spacing ). 
(9) and (20) was evaluated in the same  way as it was for the experiments 
taking N = 3 except for one condition ( N  was 2 at p = 150 centi-poise, 
The theoretical 6 for equation 
ho = 3 / 3 2  in. ) *  
6 ' s  were evaluated. 
Figure 8 shows how the experimental and theoretical 
XI : initial displacement 
Figure 8. Evaluation of 6 for the Finite Difference 
Solutions of Equations (9) and (20) and 
Experiments 
-21- 
Table I 
Silicon Oi l  Properties (72OF) 
c enti- 
EL poise 
I 30 
I 70 
I 150 
P slugs v -  ft2 
f t3  s ec 
1. 82 I 3.44 10-4 I 
I 1 
1. 84 I 5.67 I 
1. 86 I 16.8 1 1  I 
Table I1 
Conditions of the System' 
m 
lb-s ec 2 
in 
0. 129 
0. 129 
0. 129 
0.0505 
0. 0318 
0. 0198 
0. 0128 
fre-  
k quency 
lb cycles 
in s ec 
s_ 
EL 
centi- 
poise 
30- 
150 
30- 
150 
30 
70 
120 
-22- 
P =  
120 c,p.  
0.276 
0.090 
0.186 
30 c.p. 
0.164 
0 .090  
0.074 
(a), (b) are recorded displacement history of the damped oscillating 
motion. The conditions were the same except viscosity. 
m = 0.129 lb-sec2/in ho = 6/32 in. 
k = 46.2 lb/in XI = 4/32 in. 
Figure 9. Samples of Recorded Displacement History 
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Figure 10. Damping Factor versus Plate Spacing 
for  p = 30 and 100 centi-poise 
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Figure 11. Damping Factor versus Plate Spacing 
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Figure 12. Damping Factor versus Plate Spacing 
for  p. = 70 and 150 centi-poise 
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Figure 13. Damping Factor versus Viscosity 
for ho = 4/32'' and 6/32" 
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Figure 14. Damping Factor versus Viscosity 
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Figure 16. Damping Factor versus Viscosity 
for ho = 3/32" t o  6/32!' 
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Figure 17. Damping Factor versus Initial Displacement 
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t2  h t  dt 
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Dc = 2.00 Ib-sec/in ro =1.75" 
Xx = 3/ 92" h o  = 6/32" 
p = 12oc.p. 
p = 70c.p. 
/L = 3 0 c . p .  
I 30 40 
(cycled sec) 
------e omputed finite difference solution o f  
50 
Figure 18. Damping Factor versus Frequency 
VI  DBCUSSION O F  RESULTS 
(A) Damping Factor as a Function of Plate  Spacing 
The damping coefficient of the liquid squeeze film based on the 
Reynolds assumptions is given a s  
When equation (7) is applied to  the differential equation of a damped 
spring-mass system, i, e,  equation (8), the differential equation 
becomes 
Since D varies inversely with the cube of the spacing h, it is a non- 
linear function of h for a given viscosity and plate radius. 
11, and 12  show that the solutions to  (1 0) and (2 1) give logarithmic 
decrements which vary nearly as  C( - ho )n with spacing h, The upper 
theoretical curve for each viscosity was obtained by solving the non- 
linear differential equation (21 ) using the finite difference method and 
the lower theoretical curve represents the solution of the linearized 
differential equation (10) in which D is taken to  be constant during the 
oscillatory motion me 
decrement 6 f o r  the two theoretical curves shows clearly that the non- 
Figure 10, 
r0 
Hence the difference between the logarithmic 
- 3 2 -  
- 3 3 -  
linear effects of squeeze film damping may be appreciable, and that 
the effect becomes more pronounced with increasing plate spacing 
and with decrasing viscosity. 
As expected, the experimental results agree with the solution t o  
equation (21) better than that of the linearized equation (10). 
it should be kept in mind that even equation ( 2 1 )  does not take into ac- 
count the fluid inertia, 
However, 
The oscillating motion with ho = 3 / 3 2  in. decays more quickly than 
that with ho = 6/32 in. since the damping coefficient increases rapidly 
a s  h -p 0 e The spacing h between two plates approaches the equilibrium 
position ho more  quickly for the closely spaced plates than for the large 
plate spacings. The nonlinear effects due to the variation of the spacing 
h during the oscillatory motion becomes small when the initial spacing 
ho decreases. 
tions (10) and (21) get continually in better agreement for  each value 
of viscosity a s  ho / ro  decreases. 
Figures 10, 1 1 ,  and 12 show that the solution to equa- 
A comparison between the solution of the nonlinear differential 
equation (20) which includes the fluid inertia to  that of equation (21) 
which excludes the fluid inertia shows no appreciable difference on the 
liquid squeeze film damping; this is because the actual spring-mass 
system was in low frequency (3.0 cycles per  second) motion, and the 
sys tem had a larger  mass  m compared to the mass of the fluid. The 
ratio of the mass  due to  the squeezing flow to  the mass of the spring- 
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mass  sys tem was 
when h = 6 / 3 2  in. (See part  (D) of this Chapter. ) 
(B) Damping Factor as a Function of Viscosity 
Figures 1 3  through 16 show the logarithmic decrement 6 vs. vis- 
cosity p e Figure 16 shows that the logarithm of 6 is directly pro- 
The dashed curve for each spacing represents portional to  v 
the  logarithmic decrement of the liquid squeeze film damping obtained 
e 2 
r0 
by taking into account the nonlinear damping effects of the squeeze 
film (equation (21)). The solid curve for each spacing represents the 
solution of the linearized differentia1 equation (1 0). 
curves show that the experimental results a r e  in better agreement 
A s  expected, the 
with equation (21). The difference between the two theoretical curves 
for each spacing is an indication of the nonlinear effect of the liquid 
squeeze film damping. 
Figures 13, 14, and 15 show that the nonlinear effect decreases 
slightly a s  the viscosity increases,  The reason beeing the same as  
was given in par t  (A) of this Chapter; that is the damping coefficient 
increases with increasing viscosity s o  that the oscillating motion of 
-35- 
the plates with a high viscosity liquid squeeze film decays faster  than 
that with smal le r  viscosity liquids. 
oscillatory motion becomes smaller  a s  the viscosity increases.  
the nonlinear effects due to the variation of h decr,ase slightly as the 
viscosity increases when 6 is calculated using equation (17) in  Chapter 
I1 0 
The amplitude of h during the 
Hence 
e 
(C) Damping Factor a s  a Function of the Initial Displacement 
Figure 17 shows that the nonlinear effect of liquid squeeze film 
damping becomes quite significant when the initial displacement XI 
becomes large, 
cosity; the solid curve represents the solution to  equation (10) and 
the dashed curve is f r o m  the solution of equation (21), The initial 
spacing ho was chosen a s  6/32 in. and held constant throughout the 
experiments, The initial displacement XI was varied from 1/32 to 
5/32 in. in order  to generate the oscillating motion of different am- 
plitudes e 
Two theoretical curves a r e  presented for each vis- 
The nonlinear differential equation representing the spring-mass 
system with squeeze film damping may be linearized only when the 
amplitude of the oscillating motion is smal l  such that h = ho during 
the vibratory motion. The data show good agreement between the log- 
arithmic decrements of the solution of the nonlinear and linearized 
differential equations when the amplitude is small. Therefore the 
nonlinear effects may be negligible when the amplitude of the oscil- 
lating motion is small compared to  the spacing ho but the data clearly 
show that nonlinear effect must be taken into account for the liquid 
squeeze film damping when XI/ho 2 0.1 . 
The experimental results agree with the solution to  equation (21) 
for each viscosity much better than with equation (1 0) because of the 
nonlinear characterist ics of the actual liquid squeeze film damping. 
No appriciable fluid inertia effects due to the squeezing flow were 
found in this par t  because of low frequency motion. 
(D) Damping Factor as a Function of Frequency 
F r o m  the solution of equation ( l o ) ,  the logarithmic decrement 6 is  
given a s  ( s e e  Chapter II) 
6 = t u n  
D where 6 = - 
the spring-mass system and is defined a s  
e D, represents the cr i t ical  damping coefficient of 
DC 
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If D is assumed to be constant, 6 is a function of Dc only. 
damping coefficient D and frequency of the oscillating motion do not 
change for two different spring-mass systems while 6 is different for 
each sys tem unless the value of Dc is the same. Hence it was neces- 
s a ry  t o  keep the cr i t ical  damping coefficient D, constant throughout 
the frequency range in order  to investigate the frequency effect of 
liquid squeeze film damping. 
The 
Three theoretical curves were obtained by solving equations (1 0), 
(20), and (21); the solutions a r e  shown graphically in Figure 18. 
These differential equations a r e  the linearized differential equation 
( l o ) ,  the nonlinear differential equation (21) in which the fluid inertia 
is not taken into account, and the nonlinear differential equation (20) 
which includes the nonlinear fluid inertia te rms .  
The logarithmic decrement 6 evaluated f rom the solutions of the 
linearized and nonlinear differential equations without the fluid inertia 
terms do not vary with the frequency under certain conditions ( s e e  
Table I1 and Figure 18). However, the logarithmic decrement obtain- 
ed f rom the finite difference solution of the nonlinear differential equa- 
tion including the nonlinear fluid inertia t e rms  varies slightly and in- 
versely with frequency. 
is taken into account in the governing differential equation, the mass 
of the system increases and consequently the cr i t ical  damping coeffi- 
If the inertia t e rms  due to the squeezing flow s 
-38- 
cient Dc ( 2 ) in the sys tem increases.  The governing differen- 
tial equation obtained by using squeezing flow by Jackson (3), Kuzma 
(4), and Ishizawa (5) is 
The effect of the fluid inertia increases with frequency because the 
mass of the high frequency oscillation is smal l  compared to that of 
the low frequency oscillation in the spring-mass system, and yet the 
fluid inertia t e r m  remains the same. The logarithmic decrement 6 
is expressed as 
IT 6 =  
4D2 
which shows that 6 varies inversely with Dc when D is held constant. 
Thus 6 decreases with frequency for the conditions listed in Figure 
18. 
The amount that the fluid inertia affects the damping factor depends 
on the ratio of the mass in the spring-mass system and the mass of 
the fluid. In part  (A) ,  (B), and (C) no appricable inertia effect was 
found since the system was in low frequency oscillation ( 3. 0 cycles 
per second) and had a large cr i t ical  damping coefficient Dc (4 .88  lb- 
s e c / i n )  compared to  the Dc ( 2 .  00 lb -sec / in)  in par t  (D). 
The data were taken in the frequency range of f rom 3 t o  12 cycles 
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per  second holding Dc of the spring-mass system constant throughout 
the experiments. The different frequencies were obtained by changing 
the ratio k / m .  
within the frequency range of f r o m  3 t o  12 cycles per second since 
the variation of 6 due to the inertia effect a r e  small  in that frequency 
range. 
more  than 30 cycles per second, the inertia effects could be examined 
experimentally . 
The experimental results show that 6 changes little 
If the system were made suitably to do the experiments of 
V I 1  CONCLUSIONS 
The following conclusions can be drawn from the research reported 
herein: 
The Reynolds theory is valid for the squeeze film motion under 
low frequency ( 3 cycles per second) oscillatory motion for the 
plate spacings viscosities and initial displacements used in 
these experiments. 
The logarithmic decrement 6 increases a s  the initial spacing 
ho decreases ( other independent variables held constant ); an 
approximate relations hip is  
2 where (ho)l and (ho)Z a r e  initial spacings for the a1 and 6 
r e s p e c tive ly . 
The logarithmic decrement 6 was found to vary directly with 
the viscosity ( other independent variables held constant ). 
The logarithmic decrement 6 is inversely proportional t o  the 
cri t ical  damping coefficient Dc of the spring-mass system. 
The damping coefficient must be treated as  a nonlinear t e r m  due 
-40- 
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to  the variation of h during the oscillatory motion when the 
amplitude of oscillating motion is large compared to  the initial 
spacing ho . 
( 6 )  The rate  of variation of 6 due to the nonlinear effect becomes 
small  when the viscosity is increased and when the initial spacing 
decreases for low frequency motion in which the Reynolds theory 
is used to describe the fluid motion. 
(7) The fluid inertia effects may be negligible for low frequency of 
oscillating motion when the mass in the spring-mass system is 
large compared to the mass of the fluid. 
(8)  The computer solution of equation (20)  shows that the fluid 
inertia effects should be taken into account for high frequency 
oscillatory motion when the mass in the spring-mass system 
is small  compared to  the mass  of the fluid. 
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APPENDIX 
The computer program and a sample of the computer solution by 
means of a finite difference method a r e  listed in the following pages. 
The condition of the system was as follows. 
p = 100 centi-poise 
= (1.45E-5 lb-sec/in2) 
r = 1 . 7 5  in. 
0 
k = 46.2 lb/in 
m = 0.129 lb-sec2/in 
p = 0.898E-4 lb-sec2/in4 
ho= 6/32 in. 
= (0,1875 in.) 
XI= 3/32 in. 
= (0.09375 in.) 
Time increment = 0.001 sec. 
Basic Language, I. Be M. 360 Computer 
-43 . 
-44- 
SQUEEZE 
10 DIM(1500), X(lSOO), P(1500), T(1500) 
20 INPUT V, R, K, M, G, HO, H1, I, N 
30 LET 
40 LET 
50 LET 
60  LET 
70 LET 
80 LET 
90 LET 
100 FOR 
110 LET 
120 LET 
130 LET 
140 LET 
150 LET 
C 1 =3*&PI*G*Rt 4 /  20 
C2=3;k &PI*V*Rt 4 / 2  
Y=Cl/M 
Q=C 2*1/ (2*M) 
Z =I t 2* K/ M 
H ( 1 ) =H 0 -H 1 
H ( 2 ) =It 2 % ~  K*H 1 / ( 251. ( M t  C 1 / (H 0 - H 1 ) ) ) t H  0 - H 1 
A=3 TO N S T E P  1 
B=A-1 
D=A-2 
P(A)=(H(B)t 3tYxcH( B) t 2);K (2*H(B)-R(D))tQ*H( D) 
-Z*(H(B)t4-HO~cH(B)t 3) 
Y(A)=H(B)t3tY*H(B)t2tQ 
H(A) =P (A 1 /T  (A) 
160 NEXT A 
170 FOR F=l TO N STEP 10 
180 LET X(F)=HO-H(F) 
190 PRINT USING 200, X(F) 
200 :t.#### 
210 NEXT F 
220 END 
-45- 
RUN 
SQUEEZE 16:27 05/01/69 THURSDAY CH 
t. 0938 
t, 0922 
t. 0876 
t. 0802 
t. 0704 
t. 0585 
t. 0448 
t. 0299 
t. 0141 
-.0021 -. 0181 -. 0333 -. 0473 -. 0596 -. 0697 -. 0774 -. 0822 -. 0841 -. 0830 -. 0790 -. 0722 
-. 0628 
-. 0512 -. 0378 -. 0232 -. 0079 
t. 0077 
t. 0228 
t. 0370 
4.0497 
t. 0604 
t. 0689 
t. 0747 
t. 0778 
t. 0782 
t. 0758 
t. 0710 
t. 0639 
t. 0547 
t. 0439 
(cont d) 
t. 0317 
t, 0186 
t. 0050 -. 0087 
- e  0219 -. 0344 -. 0456 -. 0551 -. 0627 -. 0680 -. 0708 -. 0712 -. 0690 -. 0643 
-. 0574 -. 0484 -. 0378 -. 0259 -. 0132 -. 0001 
t. 0130 
t. 0254 
t. 0368 
t. 0468 
t. 0551 
t. 0612 
t. 0652 
t. 0668 
t. 0660 
t. 0630 
t. 0580 
t. 0510 
t 0425 
t. 0326 
t. 0217 
t. 0102 -. 0016 -. 0132 
- e  0243 
(cont d) -. 0345 -. 0434 -. 0508 -. 0563 -. 0599 -. 0613 -. 0606 -. 0577 -. 0528 -. 0461 -. 0378 -. 0282 
-. 0176 
-. 0065 
t, 0048 
t. 0158 
t. 0262 
t. 0355 
t. 0435 
4.0498 
t. 0544 
t. 0569 
t. 0575 
t. 0561 
t. 0528 
t. 0477 
t. 0412 
t. 0332 
t. 0243 
t. 0146 
t. 0045 -. 0057 
-. 0156 -. 0249 -. 0333 -. 0405 -. 0462 -. 0503 
--. 0526 
( c  ont d) -. 0531 -. 0516 -. 0484 -. 0434 -. 0370 -. 0293 -. 0206 -. 0112 -. 0015 
t. 0082 
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The personnel involved with this research  project were the following: 
Name Time on Project 
Principal Investigator: Philip K. Davis, Associate Professor  Full  duration. 
Research Assistant: Douglas Colclasure, Graduate Student Summer and Fall  
Quarter, 1968. 
Research Assistant: Robert Riepe, Graduate Student 
Research Assistant: Takeya Yabe, Graduate Student 
Research Assistant: James Pardee,  Graduate Student 
Fall, Winter, and Spring 
Quarter,  1968-1969. 
Winter, Spring, and Summer 
Quarters ,  1969. 
Summer,  Fal l ,  Winter, and 
Spring Quarters ,  1969-1970 
Technician and stenographic assistance was afforded the project, when needed, 
by the School of Technology. Also, various student workers have given assistance 
to  the project. These students work for the Fluid Mechanics Laboratory by giving 
assistance to the various research  projects and the academic laboratory when 
needed. 
Biographical sketches of the principal investigator and the research  assis tants  
follow. 
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PHILIP K. DAVIS, Principal Investigator 
Associate Professor  
School of Technology 
Southern Illinois University 
Carbondale, Illinois 62901 
Home: R.F.D. #4 
Carbondale, Illinois 62901 
PERSONAL: 
Date of birth: August 29, 1931; marr ied;  two daughters - 
(one 3 years and one 1 year)  
DEGREES : 
B.S.M.E., University of Texas,  August, 1958 
M. S. M. S . ,  University of Texas,  August, 1959 
M.S. E. (E. M. ), University of Michigan, February,  1963 
Ph. D. (E. M. ), University of Michigan, December, 1963 
OTHER UNIVERSITIES ATTENDED: 
Eas te rn  Illinois State University, 1949-50 
Texas Christian University, Fall 1954 
Arlington State University, 1955-56 
Colorado State University, Summer 1964 (Sponsored by the 
National Science Foundation) 
University of Colorado, Summer 1965 (Sponsored by the 
National S c ience Foundat ion) 
HONOR SOCIETIES: 
Tau Beta Pi 
Pi Tau Sigma 
Phi  Kappa Phi 
Sigma Xi 
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PROFESSIONAL SOCIETIES: 
American Society of Engineering Education 
International Association for Hydraulic Research 
American Society of Mechanical Engineers 
A W A R E  AND FELLOWSHIPS: 
Hamilton Award (outstanding student), University of Texas,  
1958 
Mission Manufacturing Scholarship, University of Texas,  
195 8- 59 
Ford  Faculty Development Fellowship, University of 
Michigan, 1960- 61, 1961- 62, and 1962- 63 
Listed in American Men of Science, 1965 
Presented in the university yearbook, OBELISK 1967, as 
an  outs tanding faculty member at Southern Illinois University 
Listed in Who's Who in the Midwest, 1967 
ASEE--NASA Summer Faculty Fellowship, 1967, Langley 
Research Center, Hampton, Virginia 
MILITARY SERVICE: 
U . S . A .  F., March 1951 to March 1955; Electronics,  B o m b  and 
Navigation Systems ; Honorable discharge 
TEACHING EXPERIENCE: 
Lecturer  in Fluid Mechanics, University of Wichita, 1959-60 
Teaching fellow and graduate student in the Engineering 
Mechanics Department on a Ford  Faculty Development 
Fellowship, University of Michigan, 1960-61, 1961-62, 
and 1962-63 
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TEACHING EX P E R  IENC E : (C ont inued) 
Instructor of Engineering Mechanics , University of Michigan, 
1963-64 
Assistant Professor ,  School of Technology, Southern Illinois 
University , 1964- 6 7 
Member of the Graduate Faculty, Southern Illinois University, 
1964-pres ent 
Professor-in-Charge of Fluid Mechanics, School of Technology, 
Southern Illinois University, 1965-present 
Associate Professor ,  School of Technology, Southern Illinois 
University , 1 9 6 7 -pres  ent 
(See Appendix for resume of experience at Southern Illinois 
U nive r s ity) 
CURRICULAR: 
Student Academic Advisor, School of Technology, Southern 
Illinois University, 1964- 65, 1965- 66 
Faculty Sponsor of the Southern Illinois University Student 
Engineering Club Student Chapter of I.S. P.E. and N.S. P . E . ,  
1 965 - pres  ent 
Chairman of Seminars , School of Technology, Southern Illinois 
Unive r s ity , 1965 - 66 
Library Representative, School of Technology, Southern Illinois 
Unive rs ity , 1 9 6 6 - pres  ent 
Committee for Preparation for  E. C. P, D. Accreditation, 
School of Technology, 1967-present 
Chairman, Committee for  Preparation fo r  E. C. P. D. 
Accreditation, School of Technology, 1968-69 
Advisory Committee ( to  the Chancellor) for the Selection of 
a Dean for the School of Technology, Southern Illinois University, 
1968-69 
-5- 
CUR R IC U LAR : (C ontinue d) 
Doctoral Proposal (Engineering) Preparation Committee, 
School of Technology, 1968-present 
Committee (Representing Southern Illinois University) to  
A s s i s t  the Illinois Commission of Technological Progress  , 
1968-pres ent 
Time Sharing Computer Terminal  Committee, School of 
T e c hnolog y , 1 9 6 8 - pr  e s ent 
Research and Projects Committee for Reviewing Proposals,  
S outhern Illinois Unive r s ity , March 1 9 6 9- p res  e nt 
Committee Appointed by the Board of Higher Education to 
Study Graduate Engineering Education in the State of Illinois 
and make Recommendations to the Higher Board of Education 
of Illinois, June 1969-present 
THESES: 
"A Study of the Cri ter ia  for Damage due to Controlled Impact 
on a Single-Degree-of-Freedom System", Master of Science 
thesis,  University of Texas, 1959 
"Motion of a Sphere in  a Rotating Fluid at Small Reynolds 
Numbers", Ph. D. thesis,  University of Michigan, 1963 
PUBLIC AT IONS IN PR OFESSIONA L JOURNALS: 
"Motion of a Sphere in  Rotating Fluid at Small Reynolds 
Numbers", - The Physics of - Fluids, Vol. 8, No. 4, pp. 560- 
567, (April,  1965) 
"On the Substantial Derivative", Mechanical Engineering News 
(A publication of the Mechanical Engineering Division of the 
American Society of Engineering Education), Vol. 2 ,  No. 3 ,  
pp. 9-10, (August, 1965) 
"Conceptual E r r o r s  Involving the Bernoulli Equation", Mechanical 
Engineering News, _I_ Vol. 4, No. 1, (February,  1967) 
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PUBLICATIONS IN PROFESSIONAL JOURNALS : (Continued) 
(with Takeya Yabe) "Damping Characteris t ics of the Liquid 
Squeeze Film", presented at the Fifth -Southeastern Conference 
_I on Theoretical and -Applied Mechanics on April  16, 1970, to  be 
published in the Prodeedings of the Conference 
"Wal l  Effect on a Sphere in a Rotating Viscous Fluid", accepted 
by the ASCE Journal - of Hydraulics 
OTHER RESEARCH PAPERS: 
"A Survey of Liquid Squeeze Films for the Support and Damping 
of Structurestt ,  NASA-LWP, No. 474, August, 1967 
"A Semi-Theoretical Approximation for Ringle Baffle P res su re  
Due to  Liquid Sloshing in  a Circular Tank", NASA-LWP, 
No. 476, August, 1967 
RESEARCH GRANTS: 
National Science Foundation Grant,  principal investigator, 
1966-67, to do research  on the motion of solid bodies in 
rotating viscous fluids 
Southern Illinois University, Co-investigator with Davis L. 
Eddingfield for studies of incompressible viscous flows 
involving a space dependent viscosity, 1967-68 
National Aeronautics and Space Administration Grant, principal 
investigator, for studies on the flow, bonding and damping 
character is t ics  of a liquid squeeze film under dynamic 
conditions, 1968-present 
Gardener-Denver Company Grant, supervised the study entitled 
"The Effect of Geometry and Spring Design on Cavitation in 
Disk-Type Inlet Valves Used in  Reciprocating Pumps" 
RESEARCH REPORTS: 
"Studies of the Motion of Solid Bodies in  Rotating Viscous 
Fluids", Final Report to the National Science Foundation, 
NSF-GK-907, 1968 
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R E S E A R C H  R E P O R T S :  (Continued) 
"Studies of the Flow, Bonding and Damping Characterist ics of 
a Squeeze Film Under Dynamic Conditions", interim reports 
t o  the National Aeronautics and Space Administration, 
NGR- 14-008-019 
-8- 
Following a r e  brief statements and biographical sketches on each of 
the graduate students: 
Douglas Colclasure 
Douglas was the first graduate student on the project. He received 
monetary support elsewhere in  the university (fellowship and assistant-  
ship) for the Summer Quarter,  1968. His thesis ,  which was finished 
in December 1968, is included in this report .  Douglas received a 
rating of "Outstanding - Upper 10~0'~ on his thesis by all three members  
of his thesis committee. 
Degrees: Bachelor of Science in Engineering, Southern 
Illinois University, 1967 
Master of Science in Engineering (Fluid 
Mechanics ) , S outhe r n Illinois Univer s ity , 
June 1969 
Awards and Honors: Outs tanding Engineering Senior Award, 
1967 
Southern Illinois University Graduate 
Fellowship, 1967-68 
Takeya Yabe 
Takeya was given support f rom the grant in the form of a graduate 
student worker (one-half time at $1,75/hour) during the Summer Quarter,  
1968; he was later given a one-fourth time Research Assistantship by 
the School of Technology to work on this project,  He had not been in 
the United States long when he s ta r ted  in June 1968, and initially had 
somewhat of a language problem but, by studying English five hours a 
day, he soon overcame this problem and a l so  showed good potential 
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and capability in the classroom and on this r e sea rch  project. 
soon developed an  interest  in the damping characterist ics of a liquid 
squeeze film and spent his time working on that phase of the project. 
He did an excellent job with his thesis which is included in this report. 
Takeya 
Degrees: Bachelor of Science in Mechanical 
Engineering, Nihon University, 1966 
Master  of Science in Engineering (Fluid Mechanics), 
Southern Illinois University, June, 1969 
Assistants hips : Research Assistants hip, Southern 
Illinois University, 1968- 69 
Robert RieDe 
Robert was  given a one-half t ime Research Assistantship f rom the 
grant in September, 1968 for the academic year  1968-69. He is one of 
the most capable graduate students that the School of Technology has 
had. Robert worked on the bonding and flow characterist ics phase of 
the project; his thesis is also included in this report. 
Degrees: Bachelor of Science in Engineering, Southern 
Illinois University, 1967 
Master of Science in Engineering (Fluid Mechanics), 
Southern Illinois University, August, 1969 
Assistantships: One-half time Teaching Assistantship, 1967-68 
Awards: Union Carbide Scholarship, $1,000; 1968 
James Pardee  
Jim is an  engineering graduate student who was just  put on the 
project as a one-half time Research  Assistant beginning June 15, 1969. 
- 10- 
He received support f rom the Grant the three following quarters .  
Southern Illinois University awarded him an  assistantship to  work 
on the project for the Spring Quarter,  1970. He plans to  complete 
his thesis this Summer,  1970 and it will be sent  to  NASA upon its 
completion. 
Degrees: Bachelor of Science in Engineering, Southern 
Illinois University, 1969 
Industrial Experience: The Texaco Company, Summer of 1967- 68 
Assistantships: Research Assistantship, NASA Grant, June 
15, 1969 to March 15, 1970 
Clubs: T reasu re r  of Engineering Club (a Student Chapter of 
the Illinois Society of Professional Engineers and 
the National Society of Professional Engineers. ) 
Sailing Club 
EQUIPMENT 
Major items of equipment made available by the School of Technology 
9 )  
and 10) 
a four - c hanne 1 Te ktronix os cillos cope with camera,  
a two- channel Hewlett-Packard oscilloscope with camera,  
a two-channel s t r ip  chart  recorder ,  
a Hycam high-speed motion camera,  
35-mm. cameras ,  
accelerometers,  
pressure transducers,  
Teletype computing terminal type 33-IBM (also 
IBM 7044 is available), 
Friden electronic calculator, 
Olivetti Underwood Programma 101. 
Major items of equipment purchansed from grant money include: 
1 1) velocity transducer ($505.50) , 
1 
2)  displacement transducers ($200.50) , 
3) miscella eous items (springs, bearings, cables, etc. ) ir 
($141. 99)  , 
1 
4) Oscilloscope / camera  adapter ($16.48) , 
1 and 5) DC-Model MPB-3 Power Supply ($213.15) . 
1 
Approximate figures 
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EX PE N DIT U R ES 
SA LAR IES 
ACTUAL 
BUDGET EXPENDITURES 
9, 075. 00 10,649.25 
WAGES 500.00 350.00 
TRAVEL 150. 001 0.001 
EQUIPMENT 3,025. 00 919. 15 
COMMODITIES 700. 002 1,018. 672 
CONTRACTUAL 
S ER VIC ES 
75.002 317. 522 
FRINGE BENEFITS 567.00 536.43 
INDIRECT COSTS 5, 698. 00 5,998. 98 
$19,790.00 $19,790.00 
Southern Illinois University's contribution in the fo rm of salaries 
was approximately $1 1,063. 65. The university a l so  made contributions 
in the fo rm of equipment, fringe benefits, wages and commodities the 
amount of which is difficult to  approximate. 
'An additional $450.00 was awarded on May 5, 1970, as a 
supplement t o  the original grant  for the purpose of financing a t r i p  
to  Langley Research Center for the principal investigator and 
Mr. Robert Riepe to  make a presentation of the work. 
2An additional $250.00 was awarded on May 5, 1970, as a 
supplement t o  the original grant for the purpose of preparation of the 
final report .  
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SPACE 
A research  room with approximately 450 square feet of floor 
space was  assigned to  the principal investigator for the duration of 
this project. 
gas was available in the room. 
in controlling the liquid film viscosity was the stable temperature of 
the room. 
There was ample work bench a r e a  and water, air, and 
Also,  advantageous to the research  
In brief, the research  space and facilities available were not 
only adequate but excellent. 
for assistance to the project, 
There was also a machine shop available 
- 13- 
